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A Microbiological Process Report 


Yeasts: I. Morphology 


GeorGE I. 


DE BECZE 


Research Laboratories, Schenley Distillers, Inc., Lawrenceburg, Indiana 


Received for publication June 23, 1955 


The yellowish gray, clay-like sediment that collects 
at the bottom of the casks or barrels in which beer or 
wine is fermented must have been associated with the 
cause of fermentation by the ancient brewmasters and 
wine-makers, for its name in most languages is linked 
tosome phenomena of fermentation. 

In 1680, Loewenhook, the Dutch inventor of the 
microscope, Was the first man to see, with the aid of his 
new instrument, the spherical and egg-shaped tiny cells 
contained in the yeast sediment. But, by not elaborat- 
ing on what he had seen, he left the actual discovery, 
that the yeast sediment is composed mainly of a 
unicellular fungus, to Schwann, Cagnard-Latour, 
Kiitzing, and others around the years 1825 to 1830. These 
early investigators applied the name “‘yeast” or “yeast 
fungi” only to the living part of the sediment and 
named the newly discovered plant “Saccharomyces” 
(sugar fungus). Beginning at the latter part of the 
19th century up until the present time, yeast became 
one of the most extensively studied substances. 

It soon became evident that the species often consid- 
ered most typical of the yeasts, Saccharomyces cerevisiae, 
a species employed widely in making beer, wine, 
whiskey, grain- and molasses-alcohol, bread, and so on, 
has many relatives. These relatives, mainly because of 
their different and frequently unwanted behavior in the 
production of beer, were closely described and dis- 
tinguished from the typical yeast. The number of fungi 
studied which exhibited similarity in morphological, 
physiological, or genetical characteristics to S. cerevisiae 
or its closest relatives increased with the years. Today 
the word “yeasts” as a collective name, denotes a 
group of fungi with loosely defined borderlines. The 
number of yeast strains described in the literature 
provided with names, and maintained and registered 
in culture collections, is above 1300. This number does 
not include the many strains used or maintained in the 
private culture collections of industrial establishments. 
The number of recognized species and varieties is about 
185. Many of the excessive names are simply synonyms 
of the recognized species or refer to subvarieties, forms, 
physiological races, special forms, and so on. 

The purpose of this and the following articles in this 
series is to present condensed introductory information 


in the ecology, morphology, genetics, taxonomy, 
technics of cultivation and observation, nutrition, 
biochemistry, metabolism, and practical utilization of 
yeasts for the use of persons who come in contact with 
yeasts in the field of applied microbiology and have a 
limited formal training on the subject. Special attention 
will be paid to the technical terms used by the various 
groups of this science, so that the processing engineer 
or the production manager should become familiar 
with the language of the mycologist, geneticist, or 
biochemist. 

These articles will serve their purpose if the reader 
will be able to see yeasts as they are and form a coherent 
picture of their activities and manifold applications. 


EcouoGy 


The place of yeasts in this world and their relation 
to the rest of the living creatures may be divided into 
two chapters. In the first chapter, their life in nature, 
yeasts are well distributed over warm and temperate 
zones of the surface of the earth and carry on life, 
utilizing the remnants and excretions of plants and 
animals. They live principally on sugar-containing 
liquids such as juices of damaged fruits, leaves, stalks, 
roots, and in the nectars of flowers. They may be present 
in the intestinal tracts and in the excrements of insects 
and higher animals. From the soil, where they carry 
on a seasonal vegetation in dilute sugar solutions washed 
from the trees and where they mate, sporulate, or 
hibernate, yeasts are carried by the wind or insects to 
the places where ample food is available. There a 
colony develops, filling the life-supporting commodity 
in a day or two, with millions of newly reproduced 
yeast individuals. Some of these cells, by way of 
another wind, insect, bird, or fruit-eating animal, will 
be disseminated to another life-supporting environment. 
The bulk of the new cells, without a chance for estab- 
lishing another colony, is washed by rain back to the 
soil. In the temperate zone the main season for the 
propagation of free living yeasts is from early summer 
until late fall, while, in subtropical or tropical climates 
they will colonize the year round. 

The soil in vineyards may contain live yeasts as deep 
as two feet. The surface of 100 healthy grape berries 
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may contain as high as 22 million yeast cells and the 
surface of damaged berries up to 800 million yeast cells. 
The juice of grapes received at the wineries contains 
up to 15 million yeast cells per ml. 

Besides the fruit-to-fruit, or flower-to-flower life, 
many yeasts are natural habitants of food products. 
Milk, cheese, outer surface of salami and other meat 
products, syrups, and so on, offer living space to 
yeasts. A few yeasts and yeast-like fungi are known to 
carry on parasitic life preying on live plants, animals, 
or humans. 

In the second chapter, the real opportunity to live 
and multiply in a scientifically calculated and controlled 
environment, and usually the year round in quantities 
impossible in nature, is given to yeast by man. 

The efficiency of several yeasts to perform certain 
tasks has prompted man to provide the yeasts with the 
necessary environment. This harmony of interest 
resulted in the scientific domestication of a 
number of strains belonging to a few species. 

Man utilizes almost every type of yeast activity. By 
anaerobic respiration, the fermentation of sugar into 
earbon dioxide and alcohol far beyond their need, 
yeasts, especially the strains of genus Saccharomyces, 
became the key agents in the production of wine, beer, 
rum, distilled liquors, alcohol, bread, and so on. Glyc- 
erol is produced if the chain of reactions is blocked 
halfway by adding certain chemicals to the medium. 

When air is present, yeasts like S. cerevisiae or 
Candida utilis (formerly Torula utilis or Torulopsis 
utilis) assimilate sugar and cheap inorganic nitrogen 
compounds into their body substance, doubling the 
cell number (and the weight) about every two hours. 
Their bodies contain about 50 per cent proteins and 
are nourishing for both humans and animals. Besides 
proteins, yeasts synthesize nearly all vitamins of the 
B group, ergosterol (provitamin D), and highly valued 
unidentified growth factors in quantities far above their 
needs. Trichosporon pullulans (formerly Endomyces 
vernalis or Endomycopsis vernalis) and Endomyces lactis 
(formerly Oospora lactis) synthesize fat and accumulate 
it in their bodies far above their possible need. Fat 
may be produced on commercial scale by the use of 
these yeasts. Kremothecitum ashbyii and Ashbya gossypii, 
two most distant relatives of S. cerevisiae (in fact, not 
truly yeasts), under proper treatment, synthesize 
riboflavin up to several per cent of their body weight 
and secrete it into the surrounding medium. They are 
used in the commercial production of riboflavin, The 
enzyme invertase, produced in excess by yeasts, obtains 
application in candy and food industry. In the prepara- 
tion of certain dairy products and pharmaceuticals, 
in sewage disposal, and so on, yeasts play essential 
roles. 


large 


Yeasts are also used as scientific tools, in assaying 
vitamins, in identifying sugars, and in genetic studies. 


(von. 4 


Owing to such diversified utilization, the newly 
grown yeast in the various fields of their utilization nf 
the United States amounts to many hundred million 
pounds per year; each pound represents about 20,00) 
billion cells. 

Yeasts, obeying biological forces, follow very dis. 
tinctly the general patterns of life motivation of qj 
living creatures. They pursue self-development and 
maintenance, race preservation, space (environment 
domination and strive for perfection. 

Self-development and maintenance, as the prerequi- 
sites to fulfillment of the other life programs, are per. 
formed by yeasts with speed and efficiency. Utilizing 
the surrounding nutrients and the biological power of 
its parent cell, a yeast cell may grow within an hour or 
two from inception into full maturity. Although an 
optimum exists for each environmental factor, most 
yeasts can develop or maintain life under extreme 
conditions. 

In reproducing a new cell, the parent cell rejuvenates 
itself. A cell may reproduce for countless generations 
and may remain young, while another cell, having had 
no chance to reproduce, may grow old quite rapidly. 
Age in the life of yeast does not mean the time spent in 
hours or days. It means changes due to the effect of the 
environmental conditions on the cell. A several-hour-old 
cell may be killed or permanently crippled, brought 
into sporulation, or forced to dormant (aged) state by 
environmental changes. On the other hand, the author 
found a 14-year-old yeast culture kept on agar at 4 ( 
perfectly viable, capable of reproducing with the ease 
it did when it existed as a few-day-old culture. 

Race preservation is probably the strongest among 
the biological forces, for most of the yeast activities 
seem to strive for this purpose. 

Space domination actually serves both factors, seli- 
maintenance and the race preservation. It involves 
the spoiling of the environment for the existence of 
competing or harmful organisms. By acidifying the 
medium, yeast eliminates organisms preferring alka- 
linity; by forming COs, they exclude aerobic organisms, 
especially molds and acetic acid bacteria; by using up 
far more sugar than they need in fermenting it into 
alcohol, they reduce the food available for other organ- 
isms and store up a food (alcohol) which they may 
utilize in an aerobic life after all the sugar is gone. 

Improvement of the individual and the race operates 
through several traits. They are studied under such 
titles as adaptation, mutation, and genetic processes. 
Effort for improvement goes as far as stopping the life 


continuance, through lethal genes, of individuals 


becoming unprepared to produce offsprings with a 
minimum standard. 

The most prominent activities of yeasts, many of 
which are used in their identification, classification and 
or in industrial utilization are as follows: 1) extracellular 
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digestion of the nutrient, 2) assimilation of the nutrient , 
») dissimilation of the nutrient, 4) dissimilation of 
internal reserves, 5) conditioning of the extracellular 
environment, 6) production of biologically active 
substances like vitamins, growth factors, enzymes, 7) 
vegetative reproduction, 8) spore formation and germi- 
nation, 9) resting cell formation and germination, 10) 
sexual activities, 11) internal reorganization of the cell 
structure, in connection with some major biological 
activity, and 12) self-inflicted death. 

Activities 1, 2, 3, 4, 5, 6, and 11 are motivated 
principally by self-development and maintenance; 7, 8, 
» and 12 lead to species preservation; 1, 3, and 4 part- 
ially relate to space domination, and 8, 10, and 12 
are directed towards self and/or species improvement. 


MorRPHOLOGY OF YEASTS 


The morphology essential in the classification and 
identification of yeasts includes the description of the 
shape, size, and internal structure of the yeast cells; 
the changes during the reproduction of vegetative cells 
and the position of the newly formed cells to their 
parent; the changes the cells undergo during sexual 
activities, when forming resting cells, ballistospores 
or ascospores; the size, shape, surface of spores, their 
number per ascus, and mode of germination; and the 
appearance of a yeast growth visible to the naked eye, 
referred to as macroscopical appearance. The morpho- 
logical changes connected with ascospore formation and 
sexual activities will be discussed here separate from 
their genetic importance. 

The yeast cell. The shape of the yeast cell and its 
structural parts are alternatively described as _ tri- 
dimensional objects, such as sphere, globe, egg shaped, 
cylindrical, olive shaped, and so on, or as two dimen- 
sional pictures as they appear through the microscope, 
like circular, elliptical, triangular, bottle shaped, and 
s0 on. 

Our present knowledge on yeast morphology was 
fashioned by countless microbiologists. These obser- 
vations complemented with each author’s own ob- 
servations were critically evaluated, commented and 
illustrated with drawings, photographs, and micro- 
photographs in the books of such microbiologists as 
Szilagyi (1890), Guilliermond (1920), Henneberg (1926), 
Henrici (1930), Stelling-Dekker (1931), Lindner (1930), 
Lodder (1934), Prescott and Dunn (1949), Diddens 
and Lodder (1942), Jorgensen (1948), Lindegren (1949), 
Skinner et al., (1947), and Lodder and Kreger Van Rij 
(1952). 

The size and shape of cells within a strain are the 
same when the yeast is propagated under identical 
conditions; they may change with the nutrient and the 
environment. 

Some strains produce overwhelmingly one cell form. 
Others may, as a rule, propagate in several shapes, 


which characteristic is often referred to as dimorphism 
if two shapes predominate and polymorphism if more 
than two cell forms occur. 

The standard vegetative cells of S. cerevisiae, the 
most typical in appearance and most widely used 
domesticated yeast, are egg shaped, elliptical, or 
occasionally spherical with typical dimensions of 4 to 
8 uw in diameter for spheres, and 4 to 7 by 7 to 10 u for 
the elliptical cells. In old cultures, especially in pellicles 
grown on liquid surface, they also form filament-like, 
elongated sausage shaped cells. 

The other yeasts are either more spherical or more 
elongated than S. cerevisiae or have different shapes. 
Species of genus Torulopsis (Torula) form perfect 
spheres; Saccharomyces ellipsoideus (a variant of S. 
cerevisiae), Saccharomyces pastorianus, the species of 
genus Schizosaccharomyces, and many others usually 
form somewhat lengthier and more cylindrical shaped 
cells than S. cerevisiae; species of Saccharomycodes, 
Nadsonia, Hanseniaspora and Kloeckera, produce 
mainly lemon-shaped cells; the cells of yeasts belonging 
to genus T’rigonopsis are usually triangular; those of 
Pityrosporum are club or bottle shaped; species of 
many Candida, Eremothecium, Ashbya, and Eremascus 
principally form elongated threads (the last three 
genera are not true yeasts). 

The various shaped cells, with regard to the mode of 
their production and the place on the mother cell where 
they are formed, are named by special terms. The 
nomenclature used by the various authors is not quite 
uniform. The perfectly round cells are called ‘‘torula.”’ 
The elliptical, egg-shaped or elongated spheres if 
produced by budding are called ‘‘yeast”’ cells, sometimes 
referred to as ““Y’’ form. The more elongated cells are 
termed as ‘filamentous’ or ‘“F’ form. The short 
cylindrical cell if produced by fission is called ‘‘oidium”’ 
or ‘arthrospore.”” The term oidium refers to short, 
sharp edged cylinders produced by splitting a mycelium 
into fragments, and arthrospores to cells produced by 
fission of a short cylinder. The sharp edges of arthro- 
spores usually round up to give a more elliptical shape 
to the cell. 

“Mycelium” or ‘‘true mycelium” is the name of a 
long thread in which the cells are formed by fission, in 
distinction from the pseudomycelium which denotes 
the threads formed by the budding process. These 
threads are sometimes signified by the symbol ‘‘M.” 

The short oval cells formed by budding, usually in 
abundance, at the ends of the long pseudomycelial 
cells are the ‘‘blastospores;” and those developed on the 
sides of pseudomycelia are the “‘blastoconidia.”” Some 
authors term all the typical yeast cells as ‘‘blastospores”’ 
and the blastoconidia as ‘‘conidia.’”’? The lemon-shaped 
yeast cells are sometimes referred to as “apiculatus 
yeasts.”’ The occurrence of these forms is of diagnostic 
value. 
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The special resting cells (dormant or durable cells) 
with thickened cell walls are frequently called ‘‘chlami- 
dospores.”’ The sexual spores are the ‘‘ascospores,’’ and 
those grown on sterigmata are referred to as “‘ballisto- 
spores” or occasionally as ‘‘basidiospores.”’ 

The size of the vegetative cells of the same strain 
increases with the ploidy. Mundkur (1954) puts the 
mean cell volume of haploid cells from 4.64 to 14.42 
pw’, of diploid cells from 18.73 to 37.71 y', of triploid 
cells from 19.38 to 48.01 y®, and of tetraploid cells from 
24.10 to 53.81 yp’. 

A few yeasts are quite small, 1 x 3 u in diameter, and 
a few quite large, 8 to 12 x 14 to 20 yw; the “pseudo” and 
“true mycelium” cells with a 7 to 10 » diameter may 
grow to 70 u long. 

Some molds under anaerobic conditions produce 
cells which look and reproduce like budding yeast cells. 
However, these yeast-shaped molds regain their mold- 
like appearance when grown in surface culture. 

Structure of the yeast cell. The interior of the actively 
propagating yeast cells does not show internal structure 
without staining, while the older cells, the resting cells, 
and the cells forming or containing ascospores show 
some internal structure without staining. By various 
staining technics many structural parts can be demon- 
strated in all yeast cells. 

Because of quick changes in the interior appearance 
of cells, which in many cases only means the concentra- 
tion or dispersion of certain compounds, the cytologists 
have not as yet reached agreement in interpreting the 
cell structure of the yeast. Some points of the arguments 
are over 75 years old. 

The three main parts of the cell are the cell wall, the 
cytoplasm, and bedded into the cytoplasm, the nucleus. 
The cell wall, a protective skin, thin and flexible in the 
young and thicker and more rigid in older cells, is 
permeable for many compounds in solution. It is the 
place of many metabolic activities where the living 
substance of the cytoplast and its acting tools, the 
enzymes, meet with and act upon the substrate of the 
environment. The surface area of the cells contained 
in one pound of yeast covers approximately 20,000 
square feet. Although smooth in appearance, the cell 
wall, obviously, consists of a very fine network of active 
surface which in reality is much larger than the meas- 
urable surface area. This may explain the extreme 
speed of the biological activities of yeasts. 

Using an optical or electron microscope to observe 
the cell wall, numerous circular to elliptical scars, where 
the daughter cells broke off, can be demonstrated. 

The total content inside the cell wall is the proto- 
plasm. The living substances of the cell are the cyto- 
plasm and the nucleus, both of which may contain 
non-living reserve substances in the form of granulated 
bodies, droplets in dissolved or dispersed state besides 
nutrients and/or metabolites. 

The thin compact layer of the cytoplasm surrounding 
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the cell inside the cell wall, the cytoplasmic membrane, 
is semipermeable and it determines the kinds and the 
amounts of substances which may enter or leave the 
cell. The cytoplasm, which in young, actively repro- 
ducing cells occupies most of the interior and looks 
homogeneous or somewhat granular, is composed of a 
thick sap of water in which proteins, nutrients, salts, 
metabolites, and reserve substances are dissolved or 
dispersed. Depending on the physiological state of the 
cell, the cytoplasm contains several enclosures with 
varying shapes and sizes and of different importance, 

Among enclosures, besides the nucleus, are the 
vacuole or vacuoles, oil droplets, dancing bodies, 
glycogen, chromatin substances, metachromatic gran- 
ules, volutin, basophilic bodies, mitochondria, crystals 
of sulfur or calcium oxalate, and so on. 

The vacuoles, so called because at first glance they 
look empty, one, two or occasionally three in a cell, 
are spherical or distorted spherical containers filled 
with a transparent homogeneous liquid containing 
bodies that may be demonstrated by special stains. 
Their sizes vary from about 149 to 849 of the cell 
content, small and hardly visible in young cells and 
large and quite conspicuous in older or resting cells. 
In old cells, a few vacuoles may fill the majority of the 
space within the cell wall. 

According to one school of cytologists, the central 
vacuole is part of the nuclear structure, but most cytolo- 
gists consider vacuoles as mere containers of reserve 
substances independent from the nucleus. Longer cells 
of certain species usually contain two vacuoles of equal 
size symmetrically located toward the two ends. 

Some authors consider the sharply refracting, occa- 
sionally numerous oil drops as vacuoles. They coalesce 
as the cell ages into one or a few large oil drops. Size 
and location of the oil drops in the cells or in the spores 
are quite characteristic to a few genera or species. 

Metachromatic bodies or voluntin granules, visible 
after staining, are located in certain vacuoles and are 
believed to play an essential role in the cell life. Dancing 
bodies, visible without staining, are particles inside 
the vacuole exhibiting Brownian movement. They may 
dissolve in the vacuolar sap, thus disappear, and agaill 
reappear after they become condensed. 

Mitochondria, first reported by Henneberg (1926) 
then confirmed by Lindegren (1949) in the cytoplasm 
of S. cerevisiae are small granules consisting of ribose 
nucleic acid with small amounts of desoxyribonucleic 
acid besides some lipoidal substances. Their number in 
resting cells may be as high as 50, but they disappear 
before cell division; they obviously serve as reserve 





material. Some geneticists believe they play a part in 
the extra-nuclear heredity mechanism. 
Basophilic granules visible in older cells when stained | 
with basic dyes are obviously reserve materials and 
probably identical with the mitochondria. 
Glycogen, the complex reserve carbohydrate, usually | 
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located in special vacuoles, becomes visible with brown 
color when stained with iodine. 

Occasionally other bodies may be found in the cyto- 
plasm, such as typical octaedor crystals of calcium 
oxalate or sulfur, and so on. 

Nucleus, the center of the heredity and cell organiza- 
tion, is the most important and most argued part of the 
yeast cell. Various authors call the same structural 
parts of the nucleus by different names or apply the 
same name to different structures. These structural 
parts are visible only after complicated stainings. Five 
concepts concerning yeast nucleus are summarized 
here in brief : 

According to Guilliermond, the nucleus, during cell 
reproduction, undergoes an amitotic division—probably 
the nuclear division in the ascus of Schizosaccharomyces 
oclosporus is mitotic; chromosomes could not be defined 
for being too small. Renoud, a student of Guilliermond 
(Ranganathan and Subramanian, 1947), demonstrated 
the existence of minute centrosomes and substantiated 
the occurrence of true mitosis. This concept is essen- 
tially the same as initiated by Dangerard (1893) and 
accepted and further developed by de Lamater (1950). 

Badian (1937) claimed that the yeast nucleus con- 
tains a small nuclear vesicle, at one end of which lies the 
chromatin material consisting of two chromosomes 
which divide longitudinally. 

Wager (1898) and Wager and Peniston (1910) de- 
scribed the yeast nucleus as a very elaborate structure. 
The drawing of the yeast nucleus according to their con- 
cept has been republished in several books and has be- 
come the subject of many comments and much criticism. 
Their nucleus consists of the nuclear vacuole or central 
vacuole of the cell to which at one side a heavily staining 
body, the nucleolus, is attached. The nucleolus is sur- 
rounded by a peripheral layer of chromatin with a dense 
chromatin patch in it. The center of the vacuole is occu- 
pied by a small central volutin granule. This granule 
and the nucleolus are connected to the membrane of the 
vacuole with a fine chromatin network. The importance 
of this conception is that the Lindegren (1949) school, 
in principle, accepted and used it for the basis of their 
interpretation of the structure of the yeast nucleus. 

Lindegren (1949) changed the name of most of the 
Wager, Wager and Peniston structures. He calls the 
central volutin granule as nucleolus, the nucleolus as 
centrosome, the peripheral layer of chromatin as 
heterochromatin, the chromatin patch as centriole, and 
the chromatin network as chromosomes. Lindegren, 
interpreting his microphotographs, claims that diploid 
yeast cells have six pairs of chromosomes floating in the 
sap of the nuclear vacuole. They aggregate into two 
dense bars during division, and the bars divide longi- 
tudinally to form four bars. Then the vacuole pushes 
an extension into the base of the bud, the four bars 

disintegrate into their component chromosomes and 
one of the two chromosome clusters migrates into the 
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daughter cell. The nucleus undergoes a regular mitosis 
with each cell reproduction. 

De Lamater (1950) concludes—in accordance with 
Guilliermond, Renaud, Ranganathan and Subramanian, 
Winge and others—that the true nucleus of the yeast is 
the body considered by Lindegren as centrosome; and 
that the true nucleus lies outside the membrane of the 
central vacuole and has no contact to or any structure 
within the vacuole. De Lamater’s interpretation of his 
own microphotographs is that cell reproduction is a 
mitotic process. He considers the chromosome number 
in diplophase cells of S. cerevisiae to be four, or probably 
more and confirms the presence and activity of cen- 
triole, which is different from Lindegren’s centriole. 

The latest, but obviously not as yet the final, word on 
yeast nucleus came from Mundkur (1954). His is in 
direct opposition, on many points, to the former 
concepts. He investigated haploid, diploid, triploid and 
tetraploid yeast strains in frozen-dried cytological 
preparations. The cells supposedly suffer no structural 
deformation as occurs in the older fixing and staining 
methods. He believes the distorted structures misled the 
observers in their conclusions. 

He concludes that the nucleus is an extravacuolar 
optically empty vesicle having no detectable chromo- 
somes or chromatin network at any period; the Foulgen 
positive particles are in a uniform submicroscopic 
dispersion in the nucleus; there are no recognizable 
nucleoli; the nuclear division, an elementary process 
involving the elongation of the nuclear vesicle and 
simple closure of the medial constriction, is not mitotic 
and is not necessarily synchronized with the budding 
process; presence of centrioles, which may orient the 
nuclear division, is not obligatory. The mean nuclear 
diameters of the cells he observed were 0.85 u in hap- 
loid, 1.33 w in diploid, 1.78 uw in triploid, and 1.98 u in 
tetraploid cells. 

Quite recently Lindegren et al. (1955) listed the 
following 16 cytological structures of the yeast cell: 
The cell wall, plasma membrane, bud scar, cytoplasm, 
nuclear membrane, spindle, centriole, centrosome, 
spindle chromatin, centrochromatin, chromosomes, nu- 
cleolus, nuclear sap, mitochrondria, glycogen located in 
cytoplasm, and metaphosphate in the nuclear vacuole. 





Changes in Cells 


The yeast cells are subject to visible changes in con- 
nection with specific physiological functions such as 
growth, vegetative reproduction, conjugation, asco- 
spore formation, ballistospore formation, chlamido- 
spore formation, germination of spores, and so on. 

Growth. During reproduction the bud grows until 
it reaches the size of the mother cell. The cells of the 
fission yeasts grow longitudinally before cell division. 
The word growth is also used in referring to the forma- 
tion of the colony or culture. Alternate terms are 
propagation or reproduction. 
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The average sized cells may also double their size 
(weight) when aerated in a medium containing proper 
nutrients in quantities less than sufficient for reproduc- 
tion. Such cells are called over-fed cells. Cell reproduc- 
tion may be interrupted artificially with little or no 
effect on the growth. This means that the cells con- 
tinue growing above their normal size. Spoerl et al. 
(1954) showed that S. cerevisiae exposed to a-irradia- 
tion, x-irradiation or y-irradiation stopped reproducing 
new cells, but the existing cells kept on growing, form- 
ing large cells. Loveless et al. (1954) reported similar 
effect when he exposed the same organism to special 
chemicals, ‘‘mitotic inhibitors’, as methyl-bis-(beta- 
chloroethyl) amine or triethylenemelamine. He con- 
tributes the inhibition of cell reproduction to the 
formation of carbonium ions. 

No microscopic measurements are reported by these 
investigators, but judging from the weight measure- 
ments the size of the increased cells was about twice 
that of the normal cells. 

Townsend and Lindegren (1954), in a series of micro- 
photographs, showed the appearance of single cells and 
the budding characteristics of S. cerevisiae of various 
ploidy. 

Haploid cells are usually spherical and small in size. 
The third and fourth buds frequently appear near the 
first bud, forming typical rosettes. The cells tend to 
clump in liquid cultures. The small colonies are round 
and rough. 

Homozygous (illegitimate) diploids are more elliptical 
and larger than haploid cells. They too produce rosette 
formation, by mother and daughter cells budding close 
to the base of their junction, the same way as do hap- 
loid cells. 

Heterozygous (legitimate) diploid cells are elliptical, 
larger than the haploids. They predominantly reproduce 
by terminal or subterminal budding. The second bud 
appears opposite the first bud on the mother cell. The 
cells are generally uniform in size and seldom aggregate. 
The colonies are smooth. 

The triploid cells are elliptical and larger in size than 
diploids. They form large vacuoles in liquid medium. 
End to end budding in chains is frequent on solid 
medium. Tetraploid cells are even larger than triploids. 


Reproduction 

Reproduction is the process in which a new indi- 
vidual, identical to the original, is brought into existence. 
In the life of yeast it means the bringing forth of a new 
cell by an existing cell. The meaning of reproduction is 
synonymous with propagation or multiplication. It is 
customary to divide the ways of yeast reproduction 
into vegetative reproduction and sexual reproduction. 
The term sexual reproduction is interchangeably used 
with the term ascospore formation. Such designations 
are quite correct in connection with the higher Asco- 
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mycetes, for the ascospores of many higher fungi, by 
their large number, are effective means of multiplication 
or reproduction. For yeasts, however, spore formation, 
as well as sexuality, suggests a different, more intricate 
and more complex purpose than the reproduction or 
multiplication of the individual, which for yeast: js 
accomplished very effectively by the vegetative way of 
reproduction. In fact, vegetative reproduction is the 
only means of multiplication for about one half of the 
recognized species. Spore formation and sexuality in the 
life of yeasts should be dealt with according to their 
merits, not according to analogy borrowed from higher 
fungi, and should not be considered merely as a means 
of reproduction. The purpose of ascospore formation 
for yeast goes well beyond the production of individuals 
resistant to adverse conditions. The most. significant 
purpose is the rearrangement of the heritable qualities; 
it is nature’s big game of chance to recombine heritable 
elements to make up the characteristics of the progeny. 

Yeast heredity, its relation to sexuality and ascospore 
formation will be presented in a review on genetics. At 
this place, spore formation is considered principally 
from the morphological point of view. 

Vegetative or true reproduction. The conventional 
yeast cells produced in abundance during the actively 
growing phase of a culture are the vegetative cells, and 
the process by which they come to existence is the 
vegetative reproduction. Reproduction of a cell, from 
the beginning until completion, can be observed micro- 
scopically within a few hours’ time. 

Yeast cells reproduce in three distinct ways: By 
budding, by fission, and by a process that is between 
budding and fission. Each way of reproduction is 
characteristic to a number of genera, not necessarily 
closely related to each other. A few genera reproduce 
by both budding and fission. 

Reproduction by budding. The wall of the well de- 
veloped cell at a point becomes thin and _ flexible. 
Forced by the internal pressure of the cell content, 
the flexible part of the cell wall begins to bulge out in 
the form of a tiny sphere. This bulge, called bud or 
sprout, grows constantly until it reaches the size and 
shape of the parent cell, which retains its original size 
during the process. The nucleus of the parent cell divides 
just prior to or simultaneously with the budding process, 
and, as the bud reaches about one-third to one-half its 
final size, one of the twin nuclei moves in. The mother 
cell may also share a part of one of its vacuoles; the 
two nuclei organize themselves in their respective 
cells, and by narrowing the gate to nil, the cells become 
independent from each other. The two usually equal- 
sized cells are equal in maturity and, with the exception 
of their cell walls, are equally young. 

The budding is called polar if the new cell appears at 
one of the shorter ends of the mother cell, bipolar if a 
bud appears at each end of the mother cell, and multi- 
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laeral if the buds appear at any place on a mother 
cell. 

The cells may hang together for a shorter or longer 
time before becoming completely separated. While 
hanging together both cells may enter into a new 
process of reproduction, and, by constant repetition of 
the process, 30, 50 or more cells may hang together 
forming arborescent clusters. In the strains used as 
bakers’ yeast and molasses yeast an in many strains 
of bottom fermenting yeasts, only two cells stay 
together in liquid media; they separate before starting 
anew bud. In some strains of distillers’ yeast, four cells 
stay together in a bead-like fashion connected end to 
end. Several cells may engage in forming two buds at the 
same time. 

The staying together of the cells in one fashion or 
another or the splitting right away is characteristic 
only of the strain (not of the species or genus) and only 
when propagated under specific environmental condi- 
tions. Some buds, after reaching the size of the parent, 
keep on growing in length thus forming elongated cells. 
These, after reaching a certain length, are the pseudo- 
mycelium cells. 

Reproduction by fission. Reproduction by fission is 
similar to the pattern used by bacteria. The elliptical 
or cylindrical cell elongates by growing toward its 
longer axis until it almost doubles its length. During 
this longitudinal growth, the nucleus divides and the 
two nuclei move toward the two ends; around the 
middle of the cell two new cell walls develop, dividing 
the parent cell into two short, equally young arthro- 
spores. Occasionally one of the sister cells divides its 
nucleus before the separating cell walls are completed 
and begins a new fission. Two, three or more cells may 
stay together for a while before the individual cells fall 
apart. The ends of the cells where they separate are 
flat. They, however, round up in most cases, and the 
cells attain a more or less elliptical shape. Schizosac- 
charomyces is the type genus reproducing by fission. 

If cells elongate many times the length of a normal 
cell, and such cells stay together in end to end position, 
a thread-like structure, a true mycelium is formed. At 
maturation, usually due to changes in the environment, 
some mycelia may fall into many short oidium cells 
with lengths about twice the width. This is typical to 
the genera of Endomyces and Oospora. 

Reproduction by the intermediate process. Lemon- 
shaped yeasts, like Nadsonia and Kloeckera, begin to 
reproduce by terminal budding at a broad base with a 
wide inter-cell connection. After the new cell obtained 
its part of the divided nucleus and reached its full size, 
two cell walls are formed on the broad connecting base 
in a fashion resembling fission. Bipolar budding is 
frequent for lemon-shaped cells. 

Reproduction by combination. Species of genera 
lrichosporon, Candida, and Endomycopsis may produce 
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new cells by both processes, budding and fission, side by 
side. A single cell usually starts out with budding; 
after a while a long filament-like cell grows out which 
eventually falls into short oidia. In trichosporon, the 
true mycelia may form blastospores by budding. 

Resting cells. Induced by environmental conditions 
some yeast cells convert themselves into resting cells, 
frequently termed as chlamidospores or in the German 
literature Dauerzellen. Resting cells are conspicuous 
by their larger size, giant cells, thick cell wall, and 
highly refractive oil droplets. They are frequent in the 
pellicles of old liquid cultures, in the bottom layer of 
giant colonies, in bottom yeasts located on the walls of 
beer casks or on the walls of breweries. Resting cells 
resist adverse conditions more than vegetative cells; 
they will germinate and reproduce by budding when 
placed into favorable environment. 


Spore Formation 

The cell forms referred to as chlamidospores, blasto- 
spores, and arthrospores are not true spores. By proc- 
esses resembling those used by some higher fungi, 
about one half of the recognized yeast species produce 
spores with a certain regularity as part (but not a 
compulsory part) of their life cycle. These yeasts are 
called spore-forming or sporogeneous yeast in distine- 
tion from the nonspore forming or the asporogeneous 
yeasts. The spores are two kinds, ballistospores and 
ascospores. 

Ballistospores. Two genera, Sporobolomyces (7 species) 
and Burella (2 species) form ballistospores. These two 
genera in the family of Sporobolomycetaceae (having 4 
genera, 2 of which are not yeasts) form a separate 
group among the yeasts. The yeasts in this family, 
reproducing mainly by budding, in surface cultures 
develop an aerial sterigma, a little stem. On the end of 
the aerial sterigma, a kidney-, circle- or spherical-shaped 
cell, smaller than the parent cell, forms. When ripe, 
this spore is thrown into the air. A drop of liquid is 
excreted at the neck of the spore; as it increases in size, 
it exerts a pressure and discharges the spore. The curve 
made by a ballistospore in the air is called sporabola. 
Under favorable conditions ballistospores either germ- 
inate and form conventional cells or develop again 
aerial sterigmata with new spores at the end. 

Ballistospores are demonstrated by turning the 
surface culture upside-down above a sterile bed of agar 
medium. The thrown-out spores caught on the sterile 
agar surface germinate and grow into a colony showing 
the mirror image of the original colony. 

Ascospores. Ascospores, or endospores, are the true 
sexual spores, and are far more significant than the 
asexually formed ballistospores. All yeasts capable of 
forming ascospores, the ascosporogeneous yeasts, are 
now classified in 19 genera (comprising about 75 
species) and are grouped in one family, the Endomyceta- 
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ceac. For many years, taxonomists considered only the 
ascosporogeneous species as true yeasts. They placed 
them in the class Ascomycetes commonly called the 
sac fungi, (ascus meaning sac). Many higher fungi, 
including some mushrooms, form special sac-like cells 
called asci, where the sexual spores, or ascospores, 
develop. For yeast spores the yeast cell itself is the 
ascus. 

The sexual origin of the ascospores in many yeasts 
is evidenced by the fusion of two cells immediately 
before the spores are formed, but in some yeasts it can 
be proven only by indirect methods. The cells of S. 
cerevisiae form ascospores without apparent sexual 
activity by that cell. Earlier reports on sexuality in this 
species met with skepticism until Winge and Laustsen 
(1938) demonstrated and Lindegren and Lindegren 
(1943) confirmed that diploidization of the haploid 
cells via conjugation of two cells is compulsory for 
ascospore formation, but that it may happen many 
generations earlier. 

For each strain, variant, species, or genus the follow- 
ing characteristics are specific in varying degrees: The 
method used for spore formation; the number, shape 
and size of the spores; the surface appearance and the 
nature of the spore wall; the time required for spore 
formation; and the method of spore germination. 

From point of morphology, four methods are dis- 
tinguished by which yeasts produce ascospores: By 
parthenogenesis, immediately after izogamic conjuga- 
tion, immediately after heterogamic conjugation, and 
after unsuccessful attempt of conjugation. 

Parthenogenesis does not require conjugation of two 
cells immediately before sporulation; one vegetative 
cell performs the process alone. When exposed to 
proper conditions, its nucleus divides, usually twice, into 
four nuclei. Each surrounds itself with a portion of the 
cytoplasm (plasma sporogenic) and gradually grows 
at the expense of the original cell plasma until the 
newly formed spores reach maturation and develop a 
cell wall. The spores fill in the largest portion of the 
original cell. The left-over cytoplasm without a nucleus, 
often referred to as “free cell,” usually is consumed as 
nutrient by the spores before or during germination. S. 
cerevisiae is the type species forming spores by partheno- 
genesis (“parthenon,” virgin plus “‘genesis,” origin). 

In czogamic conjugation two morphologically identical 
cells produced by vegetative reproduction fuse to form 
a zygote, which then turns into an ascus where the 
ascospores are formed. In this process, when environ- 
mental conditions prompt the yeast to sporulate, each 
of two cells lying adjacent puts out a tube-like pro- 
jection. These projections meet end to end, the con- 
necting cell walls quickly dissolve, and the nuclei of the 
two cells unite, usually in the copulation canal. The 
two original cells may fuse completely, forming one 
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elliptical or cylindrical zygote (stomatogeneous copula. 
tion), or the zygote and later the ascus may retain the 
outlines of the original cells connected with the canal. 
The combined nucleus surrounds itself with a dense 
protoplasm. In this stage the zygote is considered 
equivalent to a zygospore, but it quickly turns into an 
ascus by the division of the nucleus and the formation 
of the ascospores. The nucleus may divide once, twice 
or thrice, giving rise to the nuclei of two, four or eight 
ascospores. The gametes (the copulating cells) which 
form a zygote are frequently only one generation apart, 
the two cells derived from a common parent cell. If the 
original cells do not fuse completely, the spores divide 
half and half in the two bags connected by the canal. 

There may be some deviation from this simplified 
scheme. Sometimes the two gametes attached to each 
other do not absorb the separating cell walls but form 
the ascospores without true conjugation. Infrequently, 
some cells of a species sporulating normally by izogamic 
conjugation may form spores by the process of parthe- 
nogenesis. Species of Schizosaccharomyces and Zyqosac- 
charomyces are some of the yeasts sporulating mainly 
by izogamic conjugation. 

In heterogamic conjugation two cells, different in size 
and age, conjugate before sporulation. Two main 
schemes of the heterogamic copulation are followed by 
yeasts. In one, the content of a not fully developed bud 
passes into the mother cell, which thus being fertilized 
turns into an ascus and forms one or two ascospores. 
Species of Debaryomyces follow this scheme. 

In the other scheme, used by species of Nadsonia, 
the process is more elaborate. The content of the 
daughter cell moves into the mother cell where plas- 
mogamy, the fusion of the protoplasm of the two cells, 
takes place and turns the mother cell into a zygote. 
This cell develops a new bud, opposite to the first one, 
and the contents of the zygote move into the new bud 
turning that into an ascus. In this ascus usually one 
spore is formed, seldom two. 

Unsuccessfully attempted copulation before — spore 
formation is observed in Schwanniomyces. The cells, 
when induced to sporulate, develop one or more. pro- 
jections, pseudocopulation canals, which try to make 
contact with another cell. The natural forces of affinity, 
however, seem to repulse rather than attract the pro- 
jections. Attachment of these projections seldom occur, 
the separating cell walls never dissolve completely. 
Finally the cell turns into an ascus forming one or two 


spores by parthenogenesis. 

The spore formation by Candida pulcherrima (Torula 
or Torulopsis pulcherrima) may constitute the fifth 
ascospore formation. This organism, still 
classified among the nonspore forming yeasts in genus 
Candida, propagates by budding. The regular yeast 
cells give rise to large, round, so-called pulcherrima 


way of 








1956] 


cells. The 
are forn 
study 1s 

The m 
within a 
by S. cer 
16 or 32 
ascus by 
on. 

In as | 
formed. | 
mal nun 
on. Still 
maximu 
or three 
gestion | 
degener: 
maturit: 
number 
cently 1 
that. the 
type of 

Shape 
spheric 
shaped, 
(spheric 
Saturn 
spindle 
flagellu: 
lar. Sur 
wall ar 
walled, 
sacchar 

Most 
mycode. 
spheric 
spheric 
hat she 
at first 
most 
shaped 
walnut 
and w: 
diascus 
spores, 

Wic' 
the sp 
having 
all hay 

Libe 
greatl; 
Hanse 
dehise 
Hanse 
while 





L. 4 


ila- 
the 
dal, 
lise 
red 
an 
10n 
‘ice 
ght 
ich 
ut, 
the 
ide 
q 
fied 
ach 
rm 
tly, 
mic 
he- 
s(1C- 
nly 


size 
ain 

by 
yud 
zed 
res, 


nia, 
the 
las- 
‘lls, 
ate. 
me, 
pud 
one 


ore 
lls, 
yr0- 
ake 
ity, 
yr0- 
mur, 
ely, 
two 


mula 
ifth 


still | 


Hus 


rast | 


ima | 





1956 YEASTS: I. MORPHOLOGY 9 


wells. These form one or several buds where ascospores 
are formed by parthenogenesis. A more thorough 
sudy is needed before all details are unfolded. 

The maximum number of spores per ascus is specific 
within a species. As maximum, four spores are formed 
by S. cerevisiae, eight by Schizosaccharomyces octosporus, 
16 or 32 by Hremothecium ashbyii, and one spore per 
ascus by the two species of genus Monosporella and so 
on. 

In as much as spores develop around the new nuclei 
formed by the division of the parent nucleus, the nor- 
mal number of spores would be 1, 2, 4, 8, 16, 32, and so 
on. Still the ascus of a strain which typically forms a 
maximum of four spores, frequently develops one, two 
or three spores. An earlier theory was based on the sug- 
gestion that some of the originally started four spores 
degenerate and only the stronger ones develop to full 
maturity. Geneticists claimed hereditary causes for the 
number of spores less than the maximum. Quite re- 
cently nutritionists have produced evidence showing 
that the number of spores is highly influenced by the 
type of sporulation or presporulation media used. 

Shapes of spores are described as spherical, hemi- 
spherical, ellipsoidal, oval, walnut shaped, kidney 
shaped, sickle shaped, derby hat shaped, Saturn shaped 
(spherical with a ring around the equator), distorted 
Saturn shaped eccentrical ring), 
spindle shaped without flagellum or with an immotile 
flagellum on one end, helmet shaped, cornered, irregu- 


(sphere with an 


lar. Surface characteristics and the nature of the spore 
wall are described as smooth, warty, rough, double 
walled, and thick walled. The spore wall of Sehizo- 
saccharomyces usually contains a starch-like substance. 

Most Saccharomyces, Zygosaccharomyces, Saccharo- 
mycodes, Schizosaccharomyces, and Torulaspora form 
spherical spores with smooth surface; Debaryomyces 
spherical with warty surface; Endomyces spherical to 
hat shaped with smooth surface; Endomycopsis vernalis 
at first spherical, later hat shaped with smooth surface; 
most Hansenula have Saturn-shaped to derby-hat- 
shaped smooth spores with brim; Schwanniomyces form 
walnut-shaped spores with an equatorial Saturn brim 
and warty surface; /onosporella, Nematospora, Cocci- 
diascus, Eremothecium, and Ashbya form spindle-shaped 
spores, and so on. 

Wickerham and Burton (1954) demonstrated that in 
the species of Hansenula which they studied, all yeasts 
having hat-shaped ascospores were heterothallic and 
all having Saturn-shaped ascospores were homothallic. 

Liberation of the spores from the asci may vary 
greatly with the species. Saccharomyces fragilis and 
Hansenula species with hat-shaped spores, liberate, 
dehisce, spores as soon as they are formed; others like 
Hansenula saturnus and Pichia liberate somewhat later, 
While Saccharomycodes ludwigii, most Saccharomyces 


and Zygosaccharomyces having strong, walled asci do 
not liberate their spores until just before or during 
germination. Usually the swelling or germinating 
spores rupture the ascus. Spores of Saccharomycodes 
ludwigit may conjugate in the ascus before germination. 

Liberated spores may swell to the appearance of 
small vegetative cells before germination; half-sphere 
or hat-shaped spores may swell into spheres. Liberated 
spores of certain species frequently clump together into 
masses, while the spores of other species stay free from 
each other. Many germinating spores assimilate the 
residual cytoplasm of the ascus and frequently dissolve 
the ruptured fragments of the asci. 

Spore germination. Spores, when in proper environ- 
ment, will germinate and produce vegetative cells. The 
germinating power or vitality of the spores varies. 
The more active the strain, closer to its natural (wild) 
habitat, the easier it sporulates and a larger percentage 
of spores are viable—they will germinate. Many times 
inbred strains sporulate more reluctantly and a smaller 
percentage of the spores germinate. Spores formed 
following direct fertilization (the nucleus divides, then 
fuses inside the cell), although looking normal, will not 
germinate. The spores of Nadsonia richter? maintain 
germinating power better if kept at the low tempera- 
tures of 0 to 5 C. 

In order to observe under the microscope the slow 
process of spore germination, the fast propagating 
vegetative cells are killed in the mixture of spores and 
vegetative cells by exposing them to 50 per cent alcohol 
for | minute or to heat, 56 C for 5 minutes. 

The spores of Endomycopsis germinate by a projee- 
tion, called a germ tube or promycelium, growing out 
of the spore. The germ tube then produces vegetative 
cells. Two spores of Saccharomycodes ludwigit fuse 
before projecting a germ tube. Most spores germinate 
by beginning to bud or by developing arthrospores, 
germ tubes which become separated from the spores by 
fission. Some spores may fuse (conjugate) with their 
newly formed buds. 

The time for maximum sporulation, depending on the 
conditions, may vary from less than 48 hours to several 
weeks. The optimum conditions as well as the minimum 
time may vary from strain to strain. The time require- 
ment, using identical conditions, is frequently used in 
breweries to diagnose the presence of wild yeast in 
culture yeast, as wild yeasts sporulate much faster. 

The optimum sporulation temperature for most 
yeasts is around 25 C. But sporulation may occur at 
temperatures as low as 2 C and as high as 48 C. The 
minimum sporulation time and the optimum tempera- 
ture are more characteristic to a strain than to a species 
or genus. 

When and why are spores formed? Spore formation 
in yeast seems to be a device to preserve the life of the 
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race when exposed to adverse conditions. It also is a 
mechanism to improve the qualities of progeny to 
meet life best equipped with the experiences of its 
ancestors. 

The race preservation motive is evidenced by the 
fact that spores are frequently produced when condi- 
tions do not favor vegetative reproduction. Spores are 
better equipped to survive adverse conditions than are 
the vegetative cells. Improving the qualities of the 
progeny is evidenced by the fact that spore formation 
is one of the means by which ancestral qualities may be 
changed. Some abilities may be lost, others gained 
through the faculty of spores or their progeny of one 
strain to conjugate with spores or their progeny of 
another strain. Spores will form when spore formation 
is induced. 

Early workers in the field specified the starvation of 
well developed, relatively young cells in the presence 
of plenty of air and moisture, and for most yeasts, a 
temperature of 25 C as the conditions to induce sporu- 
lation. It became evident that yeast will sporulate 
when the succession of vegetative reproduction is 
blocked by environmental conditions, principally by 
the lack of available sugar, during a time when special 
nutritional stimulants are present in the environment. 
In nature, vegetative reproduction is obviously blocked 
by the exhaustion of the sugar supply, for example, 
when the cells are washed by rain to the soil, and the 
special nutrients are supplied by autolyzed cells. 

The essentials of sporulation technics will be re- 
viewed here briefly. 

De Seynes (1868) reported that yeast cells sporulate 
on the surface of water. Reese (1869) reported that yeast 
cells sporulate in six days on the surface of carrots and 
potatoes, cooked or raw. 

Engel (1872) devised the classical gypsum block 
method. He placed washed yeast cells on the surface of 
wet plaster of paris blocks or ceramic blocks where they 
sporulated at 25 C within several days or weeks. 
Graham and Hastings (1941) modified this method by 
sterilizing the gypsum slants in test tubes. The method 
is still in use up to date. Klécker (1924) moistened the 
gypsum blocks by dilute malt extract and Saito (1923) 
by manit-dikalium phosphate solution. Beijerinck 
(1898) obtained spores by placing washed yeast cells on 
purified wet agar surface. Both Beijerinck and Hansen 
(1883), who studied sporulation intensively, believed in 
starving the yeasts to force sporulation. 

Gorodkowa (1908) obtained good sporulation on the 
surface of her famous Gorodkowa medium, 1 per cent 
peptone, 0.25 per cent glucose, and 2 per cent agar. 
When the sugar content was increased in this medium, 
no sporulation occurred, proving that the starvation 
theory with regard to carbohydrates is correct. 

Welten (1914/15) demonstrated good sporulation on 
the surface and the interior of prune extract agar, also 
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small amounts of MgSO, aided sporulation. He believed 
an acidic medium was essential. 

Baltatu (1939) sporulated cells of Mycoderma (a non- 
sporeformer) in grape juice, but the spores germinated 
immediately. 

Mrak, Phaff and Douglas (1942) observed that cells 
of Zygosaccharomyces conjugate and sporulate jn 
abundance in the presence of dead yeast cells. 

The more advanced methods recommend growth of 
the yeast on presporulation medium, then sporulation 
of the washed or unwashed cells on gypsum or ceramic 
blocks saturated with water and usually containing 
nutritional stimulants. 

Lindegren’s (1949) presporulation medium contains 
extracts of beet leaves and roots, juices of apricot and 
grape, dried yeast, glycerol agar, and CaCO;. From 
this presporulation medium, cells taken to potato 
agar slants sporulate in abundance, but form. pre- 
dominantly two spores per asci. He obtained a large 
percentage of four spored asci when he transferred the 
cells from his presporulation medium to sterile plaster 
of paris kept moistened with water acidified with 
acetic acid to pH 4.0. At 23 C spores appeared in 12 to 
40 hours compared to 3 to 14 days using the old method. 

After a short period (24 hr) of vegetative reproduc- 
tion, good sporulation is obtained in direct sporulation 
media. Henrici (1930) recommended V8 agar. Wicker- 
ham, Flickinger, and Burton (1946) improved Henrici’s 
medium as follows: In 18 ounces of V8 vegetable juice, 
after adjusting its pH to 6.8, they dispersed 1% lb 
bakers’ yeast, steamed the mixture for 10 minutes, 
readjusted the pH to 6.8, mixed with equal amount of 
distilled water, added 4 per cent agar, and sterilized the 
mixture. They obtained good sporulation of Hansenula, 
Zygohansenula, Pichia and Zygopichia in 3 days, of 
Saccharomyces and Zygosaccharomyces in 5 to 20 days 
at 24 to 25 C. 

Phaff and Mrak (1949), in their excellent review, 
discuss the effect of factors influencing sporulation such 
as temperature, pH, humidity, presence of oxygen, 
types and concentrations of carbohydrates, nitrogenous 
compounds, metabolites and extracts of microorganisms, 
trace elements, and genetic factors. They emphasize 
that no universal sporulation medium has yet been 
developed beneficial to all types of yeast. 

Kleyn’s (1954) sporulation medium designed for 8. 
cerevisiae contains Bacto-tryptose, sodium chloride, 
sodium acetate, Bacto agar, glucose (0.062 per cent); 
its initial pH is 6.9 to 7.1. On this medium, the yeasts 
reproduce by budding for 24 hours, then they begin to 
sporulate. His most interesting conclusions are these: 
Using his sporulation medium, no_ presporulation 
medium or plaster of paris blocks are necessary ; acidic 
environment turns alkaline during sporulation; highest 
percentage of 3-4 spores per ascus (92 per cent) is 
obtained at pH 8.1 to 8.7 using phosphate or glycine 
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sodium hydroxide buffers; sodium acetate stimulates 
the formation of a high percentage of 3-4 spores per 
ascus, While magnesium acetate promotes 1-2 spores 
per ascus; in the presence of aspartic acid 1-2 spores 
are formed per ascus, while in the presence of glycine 
3-4 spores are formed per ascus; sodium glutamate 
among the tested N sources induces the highest rate of 
sporulation in a semi-solid medium. 

Kleyn’s study, in agreement with some previous ob- 
servations, suggests that the number of cells forming 
spores, the number of spores per ascus, and the sporula- 
tion time within the frame of genetic limitations, are 
primarily governed by nutritional and environmental 
factors. 

In their classical taxonomic works, the Holland 
workers, Stelling-Dekker (1931) and Lodder and Kreger 
Van Rij (1952) when testing many hundreds of yeast 
strains in the culture collection of the Centraalbureau 
yoor Schimmelcultures, Baarn, The Netherlands, used 
all contemporary sporulating methods to determine the 
sporulating characteristics so important in the classifi- 
cation of yeasts. The various methods stimulated 
sporulation in the individual strains to a varying degree. 

The study of ascospore formation by yeasts is further 
complicated by the fact that several ascosporogenous 
yeasts, after a few years’ cultivation on laboratory 
media, lose their sporulating ability or become ex- 
tremely difficult. to sporulate. Lindner reported the loss 
of sporulating ability by several strains in relatively 
short periods of time. Stelling-Dekker (1931), while 
confirming Lindner’s (1930) observation, found many 
yeasts sporulate with relative ease after being culti- 
vated for 50 years on laboratory media. Also, Lodder 
and Kreger Van Rij (1952), trying a large variety of 
methods, were able to induce sporulation in several 
yeasts which did not sporulate under the conditions 
used by previous investigators. 

The appearance of a yeast culture in liquid or on 
solid media is a part of yeast morphology. It is sufficient 
to note here, that the groups of veast species exhibiting 
certain similarities in their cultural appearances quite 
frequently are apart in their philogenetic relations. A 
strain under identical conditions usually form surface 
colonies with the same size, shape, consistency, topog- 
raphy, color and other visible characteristics. They may 
vary for the same strain, with the ploidy, the composi- 
tion of the medium, the pH, temperature, humidity of 
the atmosphere, and so on. If mutation occurred in a 
cell, the offspring of that cell will form a sector or a 
portion of the colony different in appearance from the 
rest. Frequently, the mutated section is so different 
that it appears as if it were an infection. 

The presence of the maximum number of morpho- 
logical characteristics defines a yeast into a certain 
group; the absence of one or another particular char- 
acteristic places the yeast into other groups; and the 


absence of more than one of the maximum morpho- 
logical characteristics will classify a yeast again into 
other groups. The permanent loss or gain of character- 
istics may suggest the pathways of how one type of 
yeast might have developed from another type. 

For instance, yeasts of Hndomycopsis form mycelia 
as well as budding cells, and they also form ascospores. 
If a yeast of Endomycopsis loses the power to form 
ascospores, the remaining characteristics will place it 
into the unascosporogenic genus Candida, which forms 
mycelia as well as budding single cells, but no spores. 
But if a yeast of Endomycopsis loses its ability to form 
mycelia but retains its ability to form ascospores, it 
will fit into one of the genera of Saccharomyces, Zygo- 
saccharomyces, Hansenula, and so on. If any of the 
budding and ascospore forming yeasts which form no 
mycelia like Saccharomyces, Zygosaccharomyces, Han- 
senula, and so on lose their ability to sporulate, they 
will become similar to Cryptococcus and other asporo- 
genic genera reproducing by budding. The same Crypto- 
coccus type of yeast may derive from Candida if this 
loses its ability to form mycelia. 

In spite of the variety in morphological characteris- 
tics of yeasts and in spite of the vaguely specified 
position the various yeasts occupy among micro- 
organisms, with some experience, based on the macro- 
scopical and microscopical morphology, the about 167 
yeast species are easily distinguished from the more 
than few hundred thousand species of molds and bacte- 
ria. Although future systems obviously will rely more 
on physiological characteristics, the present classifica- 
tion of yeasts is mainly built on its morphology. 
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One-directional paper chromatography followed by 
bioautography has proved useful for differentiating 
antibiotics produced by Bacillus species in connection 
with a screening program. For purposes of comparison 
with unidentified antibiotics, Ry values have been 
determined with a number of solvents for most of the 
available Bacillus active against gram 
positive bacteria and several of the polypeptidic anti- 
hioties produced by other microorganisms. 

Goodall and Levi (1946) first used this technique in 
separating the penicillins. Since that time, it has been 
used with increasing scope. Several of the polypeptidic, 
gram positive inhibiting antibiotics have previously 
been separated chromatographically (bacitracin, tyro- 


antibiotics 


thricin, and viomycin by Fischbach and Levine, 1953; 
licheniformins A, B, and C by Callow and Work, 1952; 
catenulin and neomycin by Davisson et al., 1952; the 
various actinomycins by Vining and Waksman, 1954; 
and actinomycin and streptothricin sulfate by Am- 
mann and Gottlieb, 1955). 


EXPERIMENTAL METHODS 


Ascending chromatograms on Whatman No. 1 
paper were developed in glass jars containing | em of 
solvent mixture. Solvent compositions are based on 
volume measurements of each of the components. 
Effects of small changes in solvent concentration were 
sufficiently large to warrant preparation of fresh mix- 
tures for each use. A few ml of ammonia in a small 
beaker provided ammonia in the atmosphere when 
needed. 

Samples were spotted 2 em above the base of the 
paper, with a hypodermic syringe and 25-gauge needle, 
and dried thoroughly before placing in the solvent. 
After the solvent had migrated to the top of the paper 
(usually 12 em) the chromatograms were dried thor- 
oughly. Exposure to steam intermittently during the 
drying ensured adequate removal of acetic acid. 

The migrated antibiotics were detected bioauto- 
graphically in a manner similar to that of Goodall and 
Levi (1946). Papers were placed for one-half hour on 
Difco nutrient agar plates seeded with the test organ- 

' Presented in part before the 53rd General Meeting, Society 
of American Bacteriologists, August 1953. 


ism, usually Bacillus megaterium NRRL B-938. The 
plates were incubated at 35 C for 17 hours. 

Purified antibiotics were dissolved in water, except 
for gramicidin and tyrocidine-HCl, which were dis- 
solved in 95 per cent ethy! alcohol. Aterrimin (Alderton 
and Snell, unpublished work), available only in partially 
purified form, was dissolved either in dry butyl] alcohol 
or in absolute ethyl alcohol. Crude Bacillus cultures 
were tested directly or as crude extracts. One mg of the 
purified antibiotics per ml was a practical concentration 
for detection with Bacillus megaterium, with the follow- 
ing exceptions (mg per ml): actinomycin, 0.1; cinna- 
mycin, 0.5; gramicidin, viomycin, and_ vivicil, 2; 
licheniformin A5 and tyrocidine- HCl, 4. 

Sources of antibiotics are as follows: actinomycin, 
cinnamycin, grisein, laterosporins A and B, polypeptin, 
streptolin, viomycin, and vivicil, Northern Utilization 
Research Branch; catenulin, Chas. Pfizer Co.; licheni- 
formin A5, Dr. L. H. Kent, Ministry of Supply, Eng- 
land; nisin, Bengers, Ltd.; subtilin and aterrimin, this 
laboratory; others, commercial products. 

ReEsuLtTs 

Various concentrations of t-butyl alcohol, n-butyl 
alcohol, methanol, or acetone with 2 to 10 per cent 
acetic acid have given the best differentiations of the 
purified antibiotics included in this study, ¢-butyl 
alcohol being especially useful. Ammonia in the at- 
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mosphere in the solvent jar has made possible a few 
differentiations which were not obtained with the 
acidic solvents. Careful control of solvent concentration 
is important. Figure 1 illustrates an effect of relatively 
small changes in ¢-buty! alcohol concentration. Similar 
effects may be noted in many instances, within the 
critical range of other solvents. 

The presence of acetic acid tends to improve resolu- 
tion of some antibiotics, but the acid must be removed 
before bioautographic analysis. Interfering quantities 
of acetic acid for three test bacteria (as much as 2 
microequivalents per square centimeter) were retained 
by paper dried in a hot-air cabinet, or at room temper- 
ature when the relative humidity was low. The titration 
curve was typical of acetic acid, which indicates that 
the inhibition of the bacteria was due to residual acid 
rather than to the production of toxic substances. 
However, paper saturated with 10 per cent acetic acid 
has been rendered nontoxic and acid-free within 3 
hours by evaporation in humid laboratory air or by 
exposure to steam during drying. 

Streaking of the antibiotic over part or even the 
entire length of the paper occurs under certain circum- 
stances. This may be avoided sometimes by use of a 
lower concentration of the antibiotic and sometimes 
by choice of a more appropriate solvent mixture. 

A key to some of the gram positive inhibiting poly- 
peptidic antibiotics is shown in figure 2. Various others 
were not readily available. Solvent 1 proved the most 
satisfactory for giving a good initial spread of the entire 
group of antibiotics. After determination of rate of 
movement in Solvent 1, other appropriate comparisons 
may be made as is indicated by the arrows. 

Table 1 gives the R; values for these antibiotics with 
a larger number of solvents. 

Two distinct inhibition zones have been observed 
for a few of the antibiotics with certain solvent mix- 
tures, as is evident from the data in table 1. Lack of 
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homogeneity, the most obvious explanation, may be 
responsible in at least some of these cases. Inasmuch as 
our interest was not in differentiating within families 
of antibiotics (for example, between the bacitracins), 
the use of such solvent mixtures was generally avoided 
for the antibiotics in question in preparing the key 
(figure 2). 

By the use of several test bacteria and solvents, 
various stocks of Bacillus have been shown to produce 
2 to 4 antibiotics simultaneously. The production of 
only one antibiotic appears to be the exception rather 
than the rule. Figure 3 illustrates the presence of at 
least 3 antibiotics in each of three typical Bacillus whole 
cultures. Fractionation has further established at least 
two of these activities for B. subtilis NRRL B-1471 
(aterrimin-producer) and 4 distinct activities for B. 
subtilis NRRL B-1474. 


Discussion 

Multiplicity of antibiotic production obviously com- 
plicates attempts to identify antibiotics in unfraction- 
ated material. However, even in whole cultures similari- 
ties or differences between known and_ unidentified 
antibiotics may be noted by means of chromatography. 
Two-dimensional chromatography was useful in clari- 
fying results with crude preparations. Exact R; values 
should not be credited with significance in evaluating 
impure preparations, as movement rates of antibiotics 
may be influenced by the presence of other constituents 
of the culture. The viscosity of whole cultures may 
cause failure of the sample to sink completely into the 
filter paper, and thus retard movement because of 
delayed contact with the solvent. In our experience, 
the combination of antibiotically inactive whole culture 
broth with pure antibiotic preparations has had a 
relatively minor effect on movement rates (0.2 Ke or 
less), but the possibility of a greater effect should be 
kept in mind. Even preliminary fractionation of cul- 
tures may increase precision of chromatographic results. 

In view of the many factors which may influence 
exact R; values, we have attempted to find solvent 
mixtures which distinguish by wide differences. This 
goal was not realized to the desired degree in some 
instances, most notably streptothricin- HCl vs. either 
grisein or viomycin, catenulin vs. streptolin, and 
aterrimin vs. gramicidin or tyrocidine- HCl. 

Inasmuch as most Bacillus antibiotics which have 
been characterized to date are polypeptides (Fuller, 
1955), unidentified antibiotics from Bacillus probably 
should be compared also with polypeptidice antibiotics 
from other sources. For this reason, we have included 
other readily available gram positive inhibiting poly- 
peptidic antibiotics in this study. Aterrimin, although 
not a polypeptide (Alderton and Snell, unpublished 
data), has been included because it is produced by 4 
Bacillus. 
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SUMMARY 
A key based on paper chromatography and_bio- 
autography is proposed for differentiating most of the 
gram positive inhibiting antibiotics produced by 
Bacillus, as well as polypeptidic antibiotics produced by 
other microorganisms. 
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Since the realization that the atmosphere could serve 
as a vector for the transmission of disease-producing 
agents, many investigations have been performed to 
determine the microbial flora of air as well as the en- 
vironmental factors which affect survival. Bacteriolog- 
ical evaluation of the latter presents a special problem 
in instrumentation and technic. 

The purpose of this investigation was to develop a 
simple, small-scale, cloud chamber technic for the 
study of bacterial aerosols as influenced by physical 
environmental conditions such as relative humidity, 
temperature, and solar radiation. To accomplish this, 
a small portable chamber was desired, one that was 
simple in design, convenient for adjustment of or ex- 
posure to variations in physical conditions and capable 
of providing reproducible results. The practicability 
of such equipment was suggested by the work of Van 
den Ende et al. (1948), who used small, round-bottom, 
quartz flasks to study the bactericidal effect of ultra- 
violet light on bacterial aerosols. 

For the analysis of the concentrations of air-borne 
bacteria, a number of air-sampling technics (based on 
two methods of collection) have generally been em- 
ployed by various investigators. The first includes 
those devices which collect organisms in a liquid and 
break up any clumps of bacterial cells, such as the 
bubbler-pump method of Wheeler et al. (1941) and 


‘This investigation was performed under contract for the 
Chemical Corps, Camp Detrick, Frederick, Maryland. 


the atomizer-bubbler apparatus of Moulton et al. 
(1943). The second type of sampler impinges the 
bacteria directly onto a solid medium without attempt- 
ing to break up clumps and is represented by the Wells’ 
air centrifuge (1933), the funnel device of Hollaender 
and DallaValle (1939), the slit sampler developed by 
Bourdillon et al. (1941), the sieve device of DuBuy and 
Crisp (1944) and, more recently, the application of the 
molecular filter membrane by Goetz (1953). Another 
recent technic used for analyzing aerosols is the elec- 
tronic counter developed by Gucker and O’Konski 
(1949). 

In the present investigation, a syringe-dilution 
method (a liquid-collection technic) and the slit- 
sampler method (a solid-impingement technic) were 
evaluated for their suitability in the analysis of static 
bacterial aerosols produced in the small cloud chamber 
to be described. These technics have been adapted 
from those investigated and recommended by personnel 
of the Chemical Corps, Camp Detrick. 


EXPERIMENTAL METHODS 


The cloud-chamber technic employed in our studies 
consisted essentially of the production of a bacterial 
aerosol in an inverted, one-liter, round-bottom flask 
(aerosol chamber) and the transfer of a portion of this 
aerosol to another inverted one-liter flask (transfer 
chamber) from which analyses of bacterial survival 
were made. This type of chamber was selected because 
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Fig. 1. Equipment employed in the small cloud-chamber technic: (A) Aerosol flask in which original cloud is produced. (B) 
Aminco Electric Hygrometer by which temperature and humidity measurements are made. (C) Transfer flask from which aerosol 
samples are withdrawn for analysis. (D) Slit sampler, Casella and Co., London. (E) Vacuum pump. 


of the adaptability offered for studying the effect of 
such physical environmental conditions as_ relative 
humidity, temperature, and solar radiation. The 
equipment employed in the simple cloud-chamber 
technic is shown in figure 1, together with the slit 
sampler, the impingement device used in one of the 
sampling methods studied. 

The test bacterium employed in all studies was the 
Webb strain of Serratia marcescens. Stock cultures were 
carried on slants of the synthetic medium developed 
by Bunting (1940) which allows for better maintenance 
of pigmentation. Cultures were transferred weekly, 
incubated at 27 C for 24 hours, and then stored at 4 to 
6 C for the remainder of the week. In preparing cell 
crops for aerosolization, 25 ml of trypticase-soy broth 
contained in a 250-ml Erlenmeyer flask were inoculated 
from the stock slant and incubated on a rotary-type 
shaker at 27 C for 24 hours. Following this incubation 
period, one ml from this culture was transferred to 100 
ml of trypticase-soy broth in a one-liter Erlenmeyer 
flask which was also incubated on a shaker at 27 C for 
24 hours. The resulting broth culture was centrifuged 
and reconstituted to one-tenth its original volume with 
a cell-suspending medium (0.85 per cent saline unless 
otherwise indicated). This ‘“‘cell concentrate’ (10" to 
10” cells per ml) was employed as the standard cell 
suspension throughout these experiments. 

The bacterial cloud was produced in the aerosol 
flask by 15 strokes of a hand-operated bicycle pump 
connected with a rubber hose to a DeVilbiss No. 44 


nebulizer containing 3 ml of the ‘cell concentrate,” 
This procedure was found to give reproducible concen- 
trations of cells in the aerosols. No attempt was made 
to control the humidity in the aerosol flask (figure 1-A) 
because of the rapid rise in humidity as a direct result 
of aerosol production. Instead, a portion of the aerosol 
(50 or 100 ml) was transferred by means of a syringe to 
the transfer flask (figure 1-C), where the humidity could 
be more effectively controlled. Approximately 15 
seconds elapsed during the transfer. Immediately after 
this operation, the first sample for bacterial analysis 
(zero time) was withdrawn from the transfer flask. 

A wide range of relative humidities has been ob- 
tained by the use of several humidity control solutions 
placed in the necks of the inverted transfer flasks. 
Before beginning the experiments, the flasks were 
equilibrated until the desired humidity was established. 
Temperature and humidity measurements inside the 
flasks were made by means of an Aminco Electric 
Hygrometer? sensing element, which was inserted into a 
port in the side of each flask. 

Two technics, the slit-sampler and syringe-dilution, 
were studied for the analysis of cell concentrations it 
the transfer flasks. In the slit-sampler method (see 
figure 1 for equipment), samples were removed at 
designated time intervals with a greased syringe (the 
volume of sample and time of sampling being deter- 
mined by the rapidity of decay at various humidities) 
and expelled slowly into the glass adaptor tube on the 


2 American Instrument Company, Silver Spring, Marvland. 
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Jit sampler. The introduction of the sample was 
accomplished during 25 seconds of the 30-second plate 
rotation period. Bacteria in the aerosol samples were 
impinged upon the surface of trypticase-soy agar 
plates revolving on the turntable of the sampler. These 
plates were incubated at 37 C for 24 hours, following 
which colonies were counted and decay rate calculations 
made from the data. 

The syringe-dilution method made use of the pieces 
of equipment labeled A, B, and C in figure 1. In this 
technic, 5-ml samples were withdrawn from the transfer 
flask at designated time intervals in 10-ml syringes 
containing 5 ml of sterile 0.85 per cent saline. Syringes 
were equipped with stopcocks to prevent loss of aerosol 
during the shaking process. The syringes were shaken 
for one minute and the contents expelled into sterile 
test tubes from which appropriate dilutions were made 
and plated in trypticase-soy agar. The inoculated 
plates were handled in the same manner described for 
the slit-sampler technic. 

The rate of decay of the aerosols, expressed as per 
cent per minute, was determined by the method of 
least squares, utilizing the linear regression calculation. 
The slope of the regression of the log count on time 
was found by the formula: 


- > (log X)Zt 
N 
Sp (ot? 


ae 


> (log X)t 


A correction factor® was applied to the slope in order to 
compensate for the slight dilution effect which accom- 
panied the withdrawal of samples from the transfer 
chamber. The decay rate, per cent per minute, was then 
determined by multiplying the corrected slope (b) by 
230.26. 
RESULTS AND DIscussION 

To evaluate the slit-sampler and syringe-dilution 
technics, experiments were performed at two relative 
humidities, 30 per cent and 70 per cent. Saturated 
calcium chloride solution was employed to maintain 
the lower humidity of 30 per cent, and 28 per cent 
sulfuric acid solution, the higher humidity of 70 per 
cent. In the syringe-dilution method, 5-ml samples 
were taken throughout, whereas in the slit-sampler 
method, 10-ml samples were taken at 30 per cent 
humidity and 2.5-ml samples at 70 per cent humidity. 

Figure 2 shows a comparison of the results obtained 
with the two methods. Very good agreement between 
the two methods was obtained at 70 per cent humidity, 
where mean decay rates of 4.29 per cent per minute with 
the slit-sampler method and 4.28 per cent per minute 

3 We are indebted to Dr. G.S. 8. Ludford of the Department 


of Mathematies and the Institute of Fluid Dynamics, University 
of Maryland, for the derivation of this correction factor. 


with the syringe-dilution method were obtained. At the 
lower humidity of 30 per cent (more specifically, 30 to 
32 per cent humidity), a mean decay rate of 69.04 per 
cent per minute was obtained using the slit sampler and 
80.10 per cent per minute with the syringe-dilution 
technic. This difference in results is not considered 
significant because, as will be reported later, a critical 
humidity range from approximately 25 to 40 per cent 
humidity has been established. In this range, major 
changes in decay rate values occur with minor changes 
in humidity. 

The above results were calculated from data obtained 
from the following number of individually performed 
experiments covering a period of several months: 

At 70 per cent humidity: 

30 experiments (slit-sampler) 

29 experiments (syringe-dilution) 
At 30 per cent humidity: 

18 experiments (slit-sampler) 

15 experiments (syringe-dilution) 


The results obtained by both the slit sampler and the 
syringe-dilution technics were in close agreement. 

From the standpoint of ease and speed of per- 
formance, the slit-sampler technic offers several ad- 
vantages. In this technic, samples are inoculated 
directly onto plates without further dilution. In order 
to obtain countable plates, a number of preliminary 
adjustments must first be made in the initial concentra- 
tion of cells in the transfer flask and the volume of 
sample to be taken. However, once these adjustments 
have been made, this information can be employed in 
all subsequent experiments of the same type and a large 
number of aerosols can be analyzed in a given time. 
Thus, with the slit-sampler technic a larger number of 
determinations may be made during one day’s work, 
and any variations which may be present from day to 
day are minimized. 

With the syringe-dilution technic, the only pre- 
liminary manipulation necessary is that of securing a 
sufficiently high initial concentration of cells in the 
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Fig. 2. Comparison of results of the two sampling technics, 
showing survival curves of aerosols of Serratia marcescens 
(Webb) at two relative humidities. 
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transfer flask, since dilutions of the aerosol samples 
may be prepared following the sampling process. 
However, the preparation of dilutions and the subse- 
quent plating operation consume much time and 
materials and greatly reduce the number of experiments 
which can be performed in a given time. On the other 
hand, specialized equipment is not required for the 
performance of the syringe-dilution technic. 

The aspect of adaptability must also be considered 
in evaluating these two technics. It is desirable that the 
method be such as to be readily applicable to the study 
of the effect of such physical environmental conditions 
as relative humidity, temperature, and solar radiation. 
For instance, the mobility and compactness of the slit- 
sampler equipment and the continuity of this technic 
render this method more suitable for solar radiation 
studies where equipment must be transported and set up 
at a number of locations. 

Thus, after comparing the two methods of aerosol 
analysis as to their relative accuracy and dependability, 
the ease and speed of performance and their adaptabil- 
ity to the study of a number of conditions, the slit- 
sampler technic was selected as the method of choice 
in preference to the syringe-dilution technic. It was 
felt that with the slit-sampler technic, results could be 
secured more quickly once preliminary adjustments 
were determined, and with the same degree of repro- 
ducibility. 
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SUMMARY 


A simple, small-scale, cloud-chamber technic has been 
evaluated for the study of bacterial aerosols under a 
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variety of conditions. The slit-sampler and Syringe. 
dilution technics, two methods of analyzing cell cop. 
centrations in these aerosols, have been studied and 
evaluated. Although comparable results were obtained 
by both technics, the slit-sampler method was found 
more convenient for the study of bacterial aeroso| 
stability under the conditions employed in this investi. 
gation. This technic provides for rapid analysis oj 
aerosol samples with the same degree of reproducibility 
as found with the syringe-dilution method. 
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The purpose of this paper is to record the results of 
several studies conducted at the Bell Telephone Labora- 
tories, Incorporated, at Murray Hill, New Jersey, to 
provide data on detailed parts of the soil-block pro- 
cedure for testing wood preservatives. 

Since the original publication of the soil-block method 
of Bell Laboratories by Leutritz (1946), virtually all 
of the articles which have appeared in the literature 
concerning it have been reports of preservative evalua- 
tion or comparative results on natural resistance of 
heartwood of several timber species. There have been 
a few noteworthy instances where the test method it- 
self has been the object of investigation. In one such 
study, a comparison of the soil-block and agar-block 
technics, Duncan (1953a) mentions various specific 
studies on the soil-block method. These studies in- 
cluded the reaction of different test fungi to preserva- 
tives, addition of nutrients to the soil, loss of the diluent 
toluene from blocks, moisture contents of the test 
blocks, and other factors. In a later publication, Duncan 
(1953b) reports exploratory tests which indicated that 
different seasons of outdoor weathering influenced the 
rate of loss of creosote from blocks, that the specific 
gravity of longleaf pine sapwood used for 34” blocks 
did not affect threshold retentions in blocks treated to 
refusal (full-cell treatment), and that a minimum cul- 
ture period of two months was needed in exposing 
blocks to attack by test fungi. Recently, Eades and 
Roff (1953), using a modified soil-block procedure, 
have suggested that aeration is required in culture 
bottles. 

In the course of some eight years of use here and 
abroad, questions have arisen regarding certain steps 
in the soil-block method. The experiments covered in 
this paper were designed to provide further knowledge 
relative to some of these questions. 

The subject matter in this report relates to the soil- 
block procedure used at Bell Laboratories, the sta- 
tistical determination of thresholds, the treatment of 
oven-dry blocks rather than blocks of approximately 
ll per cent moisture content, aeration in test bottles, 
and distribution of creosote in test blocks. 


MATERIALS AND METHODS 
Current Soil-Block Procedure 


The procedure described here supplements those 
described by Colley (1953) and Dunean (1953a) with 
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two specific changes involving conditioning of the test 
blocks, and the determination of preservative thresh- 
olds. A brief review of the steps in a soil-block bio- 
assay will help orient the reader for the studies to be 
described subsequently. 

Blocks and feeder blocks are cut from quarter-sawn, 
southern pine sapwood boards which have been kiln- 
dried directly from the saw to prevent the development 
of mold and stain organisms. No mold- or stain-pre- 
venting chemicals can be used. The boards are clear 
and sound and contain 6 to 10 rings per in. The test 
blocks are 34-in cubes with a 1¢-in hole bored through 
the tangential faces. The feeder blocks are quarter- 
sawn and measure 13¢-in with the grain by 34-in by 
58o-in. 

The test blocks, which are at about 7 per cent mois- 
ture content under laboratory conditions, are divided 
into weight groups at 0.1 g intervals. Because of the 
accurate cutting of the blocks, this amounts to a rough 
separation into density groups. Experience with the 
method of treatment used in the laboratory has indi- 
cated rather precisely the pick-up of oil- and water-type 
preservatives which can be expected with different 
densities. Therefore, by using blocks of closely related 
densities in any test, the concentration of the treating 
solutions can be adjusted so as to result in a series of 
blocks with evenly spaced, gradient retentions. The 
blocks selected for the test are numbered with India ink 
and oven-dried at 105 C for 24 hr. They are removed 
from the oven and cooled in a desiccator over phospho- 
rous pentoxide and weighed (initial or 7; weight). All 
block weighings are to 0.01 g unless otherwise indicated. 
The blocks are segregated by groups, and each group 
is placed in a 500-ml tall-form beaker for treatment. 
There is one beaker of blocks for each retention level. 
Routinely, 15 replicate blocks are treated at each re- 
tention. Included in each test are at least 10 blocks 
which remain untreated controls. 

A beaker, with the blocks weighted to prevent float- 
ing during treatment, is placed under a bell jar and the 
air evacuated by means of a vacuum pump until the 
pressure reads about 5 millimeters of mercury on a 
closed manometer. The pump is stopped and the preserv- 
ative solution at the proper concentration introduced 
into the beaker from a separatory funnel inserted in 
the top of the bell jar. Enough solution is added to the 
beaker so that none of the blocks are exposed when the 
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vacuum is released and the liquid absorbed. The vacuum 
is released, the beaker removed from the bell jar, cov- 
ered, and allowed to stand for about 2 hr. Then the 
blocks are removed, wiped superficially with a cloth to 
remove excess solution from the surfaces, and weighed 
(T2 or post-treatment weight). 

It is apparent that the blocks are treated to refusal 
(full-cell treatment) with the treating solution. The 
full-cell treatment assures accurate, gradient retentions 
and the required even distribution of preservatives in 
the blocks. The proper concentration of treating solu- 
tion on a weight basis, which will provide a given re- 
tention in the blocks, is obtained by diluting oil-type 
preservatives with toluene and water-borne preserva- 
tives with water. Each preservative solution to be tested 
is analyzed prior to test to determine its concentration, 
or in the case of creosote, its distillation range and 
other pertinent physical characteristics. 

From the 7 and 7. weights, the concentration of the 
basic preservative solution under test, and the concen- 
tration (C) of each treating solution, the following 
values are calculated for each block: 

G—grams of treating solution (preservative plus 

diluent) retained. 

q-—-grams of preservative solution retained. 

g’—grams of active material retained (pentachloro- 

phenol, for example). 

R—pounds of preservative solution retained per cubic 

foot of wood. 

R’—pounds of active material retained per cubic 

foot of wood. 

The retention of preservative in the blocks in pounds 
per cubic foot of wood is calculated by the formula: 


iC’ (62.4) 
dias 100 V 


where V = volume in cubic centimeters of the oven- 
dry blocks, and 


(* 


grams of preservative per 100 grams of 
treating solution. 


As each 7» weight is obtained the block is inserted on 
a pin on a metal rack. Usually the blocks are left on the 
racks in the laboratory for about 3 to 5 days. However, 
in the case of some water-borne preservatives whose 
permanence depends on reaction with components of 
the wood (greensalt, for example), the blocks may be 
left for 2 weeks or longer to be certain that the preserva- 
tive is fixed in the wood. 

Following this the blocks, separated by glass beads, 
are strung on nylon cord and suspended horizontally 
from unsheltered racks for the routine 60-day outdoor 
weathering period at the Chester Field Laboratory, 
Chester, New Jersey. This exposure helps establish 
the relative permanence of the preservative. 

Formerly, after weathering, the blocks were placed 
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on trays and conditioned for three weeks in the humidi- 
fied incubation room at 80 + 2 F and 70 + 3 per cent 
relative humidity, after which they were weighed (7, 
or pre-test weight). In present practice, after weather 
ing the blocks are put in a desiccator over calcium 
chloride for at least three days before being arranged 
on trays and placed in the incubation room for cop- 
ditioning. In this way the blocks will dry below the ex- 
pected conditioned moisture content of about 11 per 
cent, so that the equilibrium value will be reached by 
adsorption rather than desorption. Stamm and Lough- 
borough (1935), in figure | of their paper, showed that 
there is a hysteresis effect in wood which, at a given 
temperature and pressure, results in different  equi- 
librium moisture contents depending on whether the 
equilibrium point is reached by adsorption or desorp- 
tion. The values reached by adsorption are higher than 
those reached by desorption. Duncan (1954) reports 
encountering this phenomenon in conditioning blocks 
in soil-block studies at Madison. The exact equilibrium 
moisture content reached by the blocks in each. test 
is computed from the 7; and 7; weights of the untreated 
control blocks which are carried through each. test. 
Because the amount of preservative solution put into 
the blocks originally is known, as well as the amount 
of moisture in the blocks at the time the 7 weights 
were taken, it is possible to calculate by weight dif- 
ferences the amount of preservative present in the 
blocks after weathering. In the case of creosote, the 
calculation of residual creosote boiling below 355 C in 
the test blocks will permit prediction of the threshold 
of the test fungus, Lentinus lepideus (Madison 534) 
(Snoke, 1954). 

Prior to planting in the bottles, the blocks are placed 
on the same type metal racks which are used after 
treatment, and the racks are placed in individual glass 
tubes plugged with cotton. The tubes containing the 
blocks are autoclaved at a temperature of 100 C for 15 
min for the purpose of killing surface contaminants. 

Prior to the planting of the blocks, the eight-ounce 
round culture bottles have been prepared. Sufficient 
water is placed in the bottom of the bottles to result in 
a final soil moisture content of approximately 40 per 
cent based on the oven-dry weight of the soil. The 
bottle is half-filled with soil. The soil used is a sandy 
loam with 3.1 per cent organic matter and pH of 5.0. 
On top of the soil, two standard feeder blocks are placed 
side by side. The cardboard liners are removed from the 
bottle caps to avoid buckling during autoclaving. 
The bottles are autoclaved for 30 min at 15 pounds 
pressure and allowed to cool. The feeder blocks are 
inoculated by placing a 44-inch square of inoculum 
from a malt-agar Petri-dish culture so that the trans- 
plant lies not in the center but at one edge of the two 
blocks. The bottle caps are left loose for aeration. The 
choice of the test fungus depends on the material to 
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be tested. In the case of creosote, Lentinus lepideus 
(Madison 534) has been found to be the most critical 
test organism, while with pentachlorophenol Lenzites 
trabea (Madison 617) is most critical, that is, most 
tolerant. With preservatives Poria 
monticola (Madison 698) is used. When new preserva- 
tives are tested, the practice is to use all three organ- 
isms and perhaps a few more which might be of interest. 
The bottles are incubated at 80 F and 70 per cent rela- 
tive humidity until there is heavy growth on the feeder 
strips, which usually occurs in about 16 to 18 days. 
Then the bottles are ready to receive the test blocks. 
The test blocks are planted two to a bottle under 
aseptic conditions, one block on each feeder strip. The 


copper-bearing 


planted bottles are then returned to the incubation 
room for 90 days. After the 90-day test period, the 
bottles are taken from the incubation room and the 
growth, and 
weighed (7’,, or after-test weight). Then the blocks are 
put in a desiccator over calcium chloride for three 
days after which they are placed on open trays and 
returned to the incubation room to be reconditioned for 
21 days to an equilibrium moisture content. Then they 


blocks are removed, brushed free of 


are weighed (7, or final, conditioned weight) and the 
per cent loss in weight calculated by the formula 
(T; — Ts)/T; X 100. 

When the final 7's weight has been obtained, the 
blocks are examined for visual evidence of decay. This 
visual observation supplements the statistical esti- 
mation of threshold. The whole purpose in soil-block 
testing is to determine the original (treatment) reten- 
tion of preservative necessary to prevent attack by a 
given test fungus. 

In outlining the soil-block procedure, no attempt has 
been made to describe the various computations which 
are carried out in different phases of the test or the 
statistical interpretation of threshold. Recently, the 
IBM punch-card system of data processing has been 
applied to all of these operations. This procedure will 
be described in detail in the following section. 

Statistical Determination of Threshold 

Because the Bell Laboratories process more than 
6,000 blocks a year, it is practical to analyze all results 
statistically and locate the threshold point objectively. 
This would tend to obviate personal opinion of the 
individual investigator and facilitate accurate analysis 
and comparison of data. 

Until recently, thresholds have been determined by 
visual observation of decay as well as by weight losses 
resulting from decay. The weight loss data have been 
relied upon as giving the more exact estimate of thresh- 
old. In figure 1, the soil-block data for a creosote have 
been plotted to illustrate the way a threshold can be 
located using average weight loss and retention values. 
For each retention group the average per cent weight 


loss which occurred during the test period was plotted 
against the average retention of preservative. In the 
higher retentions there is an operational loss of preserva- 
tive during the test period which is characterized by a 
straight-line trend with a small positive slope. This is 
illustrated in figure 1 by the line AB. As weight losses 
in the lower retentions near the threshold begin to rise 
above the straight-line operational losses, it is indica- 
tive of loss of wood substance or decay. This is repre- 
sented in figure 1 by the line CD. Consequently, the 
intersection of the weight loss lines for the higher and 
lower retentions locates the threshold. In routine re- 
porting, it has been the practice to average the weight 
losses and retentions of the individual blocks in each 
retention group in order to plot the lines. In some cases 
the lines have been located statistically by using re- 
gression lines and locating them mathematically by 
the method of least squares. This latter method of 
threshold location was reported first by Duncan and 
Richards (1951). In this method it is necessary to omit 
from the calculations data which the observer feels are 
of doubtful location. For example, if there is a question 
as to whether or not the weight losses at a given reten- 
tion obviously near threshold constitute operational 
losses or decay losses, the data at that retention level 
are not used in locating the regression lines. This means 
that there must be several retentions above and below 
threshold to permit locating the lines accurately. Also, 
blocks having retentions considerably below threshold 
may in some cases show weight losses similar to un- 
treated blocks. These weight losses are not used in the 
calculations. As “indicated by Duncan and Richards 
(1951), it is often difficult to anticipate a threshold to 
the extent that it falls either at or just above the middle 
retention groups. It should be noted also that in some 
cases the rise in weight loss near the threshold is so 
gradual that it leaves more than one retention group in 
doubtful location on the operational or decay side of a 
theoretical threshold point. There has been general, 
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Fig. 1. Weight loss of creosoted blocks in soil-block test 
against Madison 534. AB is operational weight loss line; CD 
is operational plus decay. Intersection is threshold. Each 
point is average for 10 blocks. 
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but not complete, agreement in thresholds obtained by 
line intersection with lines located by averages, as op- 
posed to lines located by the least squares method. 

In cooperation with Dr. J. Moshman of the Mathe- 
matical Research Department at the Bell Laboratories, 
a method of statistical analysis of soil-block data for de- 
termining thresholds has been devised. Several meth- 
ods of analyzing the data were considered, but it was 
decided finally to use regression lines located by least 
squares. However, the method of approach is different 
from that used in the past and eliminates most of the 
objections which have just been mentioned. 

Using figure lL as a basis for explanation, the treat- 
ments (charges) will be referred to as treatments 1 to 
6 in ascending order of retention. After the final 7, 
weights have been obtained, the slope of the line be- 
tween the highest pair of retentions is computed using 
the weight loss and retention data for the individual 
blocks in these treatments. The procedure is repeated 
using the next lower pair of treatments, namely 4 and 5. 
The slope of the line obtained using the weight loss and 
retention data for treatments 4 and 5 is compared with 
the slope of the line for treatments 5 and 6 to determine 
whether there is a significant difference in a statistical 
sense. This procedure is repeated until the difference 
between a successive pair of slopes is significantly 
greater than 0. The point of intersection of the line 
determined last, with a line determined by all points 
used thus far in the analysis except those belonging to 
the lowest treatment group considered, is taken to be 
an estimate of the threshold. The variance of the es- 
timated threshold is calculated and a 95 per cent con- 
fidence, or 2-c, interval computed. In this way an 
objective threshold is obtained along with the approxi- 
mate range in which one can expect 95 per cent of the 
threshold values to fall in repetitive tests of the same 
material. 

It is not possible within the scope of this paper to 
give a detailed explanation of all the statistical prin- 
ciples and formulae involved in the method. They are 
standard procedures and may be found in a suitable 
text such as that by Mood (1950). The following out- 
line is presented in order to provide some idea of the 
steps followed in the analysis of soil-block data by the 
proposed method. 

1. After final weight losses have been computed, de- 
termine the line between the highest pair of retentions 
by means of least squares lines: 


Y = dean + b-i1X 
where X = retention of blocks in charges 


y 


weight loss of blocks in charges 


re 


c = charge numbers (1, 2 n ascending 
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order of retention. ¢ — 1, for example, refers 
to the line between Charges 6 and 5), 
bh. = XY — aXY 
ee ger 
Y ; r2 - X 4 rXUr - s 
i.4 = LX XUN} = Y — bX. 


>. xX" — nX’ 


n = total number of observations (20 in the case 
of two retentions of 10 blocks each). 


2. Determine the line between the next lower pair of 
retentions: 
Y = ae_2 + be2X 
3. Calculate the significance of the difference be- 
tween the slopes of the two lines, that is, determine 
whether 6,» is significantly less than 6.1: 
bea = b, 2 
“tT /var (bea) + var (be_») 
r2 os hes i ; rXMr 
where var (b) = Dd any LX) 
(n — 2)[D2X* — nX?| 


t 


S 

~ DoX* — nX* 
When ¢ is equal to or greater than 1.65, the difference 
is taken to be significant at a 5 per cent probability 
level. If ¢ is less than 1.65, the next line is computed to 
obtain b,_; and step 3 is repeated using the last two 
determinations. The number of degrees of freedom as- 
sociated with ¢,, is 4n — 4. In most cases n will be 10 
or more so that there will be at least 36 degrees of 
freedom. By assuming an infinite number of degrees 
of freedom and a constant 1.65, rather than the exact 
critical value of ¢ for the specific number of degrees of 
freedom, it is possible to gain considerable computa- 
tional convenience. The significance level is then ap- 
proximately 5.1 per cent instead of 5.0 per cent, but 
the practical effect of the approximation is negligible. 

4. Using all X and Y values from steps 1, 2 and 3 
except those belonging to the lowest treatment group 
utilized in those steps, determine the operational loss 
line by the formula: 

Y=a'+)'X 
where the primed quantities are obtained using the 
corresponding formulas given in step 1, the summation 
including the extended set of X’s and Y’s. 

5. Calculate the threshold @ using the coefficients @ 
and b of the last line where the slope was found to be 
significantly different from the preceding line (step 3), 
and the coefficients a’ and b’ for the operational line as 
determined in step 4. 


a—a’ 
b’ — b 


o 
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§. The 95 per cent confidence interval for 6 is 
d+ 2+/ var (8) 
2| var (a) + var (a’) , var (b) + var (0’) 
yar 6 = 0 | — — ~— — 


(a — a’)? (b — b’)? 


49 cov (a, b) +: covig?? | 
~ (a—a)(v’ — db) 





2| | x 
where var (a) = 8 E + we = | 
x, 
cov (a,b) = — ax — #8 


A numerical example of the application of the pro- 
cedure just described using actual soil-block data is 
given in the appendix. 

In considering the statistical means of threshold 
determination, it became apparent that much of the 
routine calculating to determine the preservative re- 
tentions and weight losses in the blocks, and the sta- 
tistical analysis for threshold could be carried out 
automatically. As a result, a method has been devised 
whereby soil-block data can be machine-processed by 
an IBM card system from the beginning of the test 
through to the final analysis of the data. This is ac- 
complished by recording all treatment data and block 
weights for the individual blocks directly on mark 
sensing cards with an electrographic pencil. At various 
steps in the test these cards are sent to a central proc- 
essing room where the machine makes the necessary 
computations and furnishes the results of the calcula- 
tions for each block on a printed form. Owing to the 
large number of blocks tested per year, it is evident 
that many hours of hand and desk calculating and data 
recording are eliminated by the card system. More 
important, an accurate statistical interpretation of 
thresholds is obtained for each preservative tested, 
thus facilitating comparisons of results from different 
tests. It should be pointed out that the statistical analy- 
sis for thresholds by the method described in this paper 
does not require a card system but can be executed on 
an ordinary calculator. Assuming six charges of blocks 
with ten blocks per charge, the statistical analysis of 
threshold can be determined in about four hours by 
using a desk calculator. In the case of the card system 
where entries are made directly on the cards, machine- 
processing takes about 20 min for all computations, 
including the determination of preservative retention, 
weight loss calculations, and threshold analysis. 

The method now employed at Bell Laboratories has 
been presented in the event that other laboratories 
may be able to find use for a mechanized analysis sys- 
tem for soil-block data. In view of the fact that a soil- 
block test may take as long as seven months, it is felt 
that even when four hours must be spent at a desk 
calculator, the time is well worth-while in indicating the 


reliability of the results and permitting more objective 
interpretation of the test data. 

In the soil-block studies described subsequently in 
this paper, thresholds have been determined by the 
statistical procedure and card-processing method just 
described, unless otherwise indicated. 


Treatment of Oven-Dry versus Conditioned Blocks 


At Bell Laboratories, blocks are always treated after 
being oven-dried and weighed (7, weight). The oven- 
dry weight provides an accurate, reliable reference 
weight for the block undergoing test. The oven-dry 
weight must be obtained either by actual drying or by 
calculation to permit the determination of moisture 
contents or the residual preservative in test blocks after 
weathering. The procedure of oven-drying and weighing 
the blocks seems to be less susceptible to variation 
from test to test than the calculation of oven-dry 
weights using blocks conditioned under equilibrium 
conditions to a given moisture content. However, both 
the oven-drying and the conditioning methods of han- 
dling blocks are being used in the conduct of the soil- 
block test at different laboratories, as may be noted in 
Dunecan’s (19538a) paper. The question arises as to 
whether or not the thresholds obtained with oven- 
dried and conditioned blocks are comparable. Eades 
and Roff (1953) suggest that internal stresses are likely 
to be set up during oven-drying which may make cav- 
ities in the wood, result in the loss of resins or other 
extraneous components, or create artificial pre-treating 
conditions not found in actual practice. In order to 
answer questions such as these, the following experi- 
ment was designed to compare the use of oven-dried 
and conditioned blocks. 

One set of blocks was set up in the usual manner as 
described earlier. The blocks were divided into six 
charges of 15 blocks each and 12 untreated blocks were 
included for controls. The blocks were oven-dried to 
constant weight, cooled in a desiccator over phos- 
phorous pentoxide, and weighed. Following weighing, 
the charges, exclusive of control blocks, were treated 
to retentions of 2, 4, 6, 8, 10, and 12.5 pounds of creo- 
sote per cubic foot of wood. The creosote was a domes- 
tic, A.W.P.A. Grade *1 creosote, an analysis of which 
is given in table 1. After treatment, the blocks were 
weathered for 60 days outdoors in the usual way. The 
test fungus in this experiment was Lentinus lepideus 
(Madison 534) which, as previously stated, is a creosote- 
tolerant organism. When the blocks were placed in test, 
three treated ones were held aside from each retention 
level for analyses if required. 

A second set of blocks was treated with the same 
creosote one day later in an identical manner. The only 
exception is that prior to treatment the blocks were 
not oven-dried but conditioned in a humidity room at 
80 F and 70 per cent relative humidity to an equilibrium 
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Tasie 1. Analysis of creosote used in test comparing oven-dry 


and conditioned blocks 


Speeifie gravity at 38/15.5 C 


1.076 
Specific gravity of 235 315 C fraction 1.037 
Specific gravity of 315 355 C fraction 1.119 
Distillation 
to 210 © (10.00% 
to 235 C 8.85% 
to 270. € 14.18% 
to 315 C 60.69% 
to $55 © 79.39% 
Residue above 355 C 20.33% 
Total 99.72% 


Benzol insoluble . 0.46% 
0.33 ml1/100 ¢ 
(210.355 © fraction) 
2.37 ml1/100 g¢ 
(210-355 C fraetion) 


1.85% 


Sulfonation residue 
Tar acids 
Coke residue 


Note: Conforms to AT-7315, Issue 1, Code A. 


moisture content of 11.2 per cent. These blocks were 

weighed and treated at that moisture content. 
Following completion of the test, the weight loss 

data were analyzed statistically as described previously. 

The thresholds which were obtained are as follows: 

95 per cent Confi 


Moisture Content of Blocks Threshold 


sect dence Interval 
if Treatment Ihs./cu. ft. is Jou. 2. 
Oven-dry 6.2 5.7-6.6 
11.2% 6.6 §.9-7.3 


A summary of the average per cent weight losses and 
blocks showing visual decay in each charge is presented 
in table 4 both for blocks tested oven-dry and at 11 
per cent moisture content. 

The data indieate that the use of oven-dried blocks 
or blocks conditioned to approximately IL per cent 
moisture content results in little practical difference in 
the threshold of this creosote. 


Aeration of Test Bottles 

During recent vears the question has been raised as 
to whether or not there is sufficient aeration in the test 
bottle to permit virulent and uninhibited growth of the 
test organisms. In the earlier days, prior to 1946, of 
the soil-block test, the liners of the bottle caps were 
left intact and the bottles capped tightly. In tests con- 
ducted at the Forest Products Laboratory during the 
period 1946 to 1948, it was found that such practices 
resulted in a lack of oxygen and poor growth of the 
cultures. This was corrected by removing the paste- 
board liners which tended to buckle during autoclaving 
and by leaving the lids loose (backing off 4 turn). 
Dunean (1958a) in the first published statement re- 
ports that, “This procedure has been followed in sub- 
sequent tests resulting in uniform and good growth of 
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all cultures.”’ The same procedure has been followed at 
Bell Laboratories. Recently, Hades and Roff (1953) 
published the results of experiments they did on the 
regulation of aeration in wood-soil cultures. The authors 
concluded that the amount of decay in test blocks jg 
more constant when a glass vent-tube is included jy 
the caps than when aeration is accomplished by loose 
screw caps. Difficulty in interpreting their work in terms 
of the current soil-block test: procedure has stemmed 
from the faet that they used three blocks per bottle 
where only two are employed normally; the feeder 
strips in their tests were only about half the thickness 
generally used; and in their unvented bottles they used 
caps With the liners still intact. In view of the conelu- 
sions of Hades and Roff, it seemed desirable to check 
the effect. of bottle aeration using the current. soil- 
block procedure as described in this paper and other 
references such as Duncan (1953a) and Duncan (1954), 
The two experiments which were conducted to evaluate 
the effect of aeration on preservative thresholds de- 
termined by soil-block bioassay will be described sepa- 
rately. 

In the first experiment, the preservative tested was 
a high gravity, A.W.P.A. Standard P1, domestic coal 
tar creosote. An analysis of the creosote is given in table 
2. Six charges of 20 blocks each were treated te average 
charge retentions of 5.1, 6.2, 7.2, 8.4, 9.4 and 105 
pounds per cubic foot of wood. The blocks were weath- 
ered outdoors at Chester, New Jersey, for 60 days. 
After weathering, they were divided into two groups, 
conditioned, and 7’; weights obtained, prior to placing 
the blocks in the test bottles. The test fungus in all 
cases Was Lentinus lepideus (Madison 534). Blocks in 
one group were planted in bottles capped in the stand- 


Tanie 2. Analysis of creosote used in first aeration study 


Specific gravity at 38/15.5 C. 1.100 
Specific gravity of 235-315 C fraction ' ee 1.048 
Specifie gravity of 315-355 C fraction. . .. tan 1.127 


Distillation 


ee re % : 0.35% 
to 235 C. 5.39% 
to 270 C.. ; ee 
to 315 C sa) SS 


to 355 C 


Residue above 355 C 


65.64% 
. 84.19% 


Total 99.83% 


NIDA UII 8c. coe cae necks es oalen WE eae . 0.18% 
satel ..0.57 ml1/100 g 
(210 to 355 C fraction) 

eects ee 1.96 ml1/100 g 
(210 to 355 C fraction) 

Coke residue. .. Sel eon 26% 


Sulfonation residue. 


SS Se eae ea ad a ere ees 


Note: Conforms to AT-7315, Issue 1, Code A, except for 
residue above 355 C and tar acids. 
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1956] SOIL-BLOCK 
ard manner with loose screw caps. Two blocks from 
each retention were placed in uninoculated bottles as 
controls. The second group was planted in bottles 
covered by modified caps to increase aeration, similar 
to those described by Eades and Roff (1953). Again, 
two blocks from each retention were placed in un- 
inoculated bottles. The caps were prepared by first 
poring a hole of sufficient size to accommodate a No. 3 
rubber stopper. A three-inch length of 6-mm O.D. 
glass tubing was inserted in a hole bored through the 
stopper, and the stopper was squeezed into the hole in 
the cap so that the glass tubing was at approximately 
a 45-degree angle. In aeration studies now in progress, 
apiece of glass tubing bent to a 45-degree angle was 
placed in a rubber stopper inserted erectly in the cap, 
as shown in figure 2. 

After the 90-day incubation period, the blocks were 
removed from the bottles, 7, weights obtained im- 
mediately, the blocks conditioned, and the 7, weights 
taken. As has been described, the data were analyzed 
statistically by the IBM card system and thresholds 
obtained for the two groups of blocks. The results are 
as follows: 


Threshold 95 per cent Confidence 


Method of Aeration Interval 
lbs./eu. ft. lbs. /cu. fl. 
Loose screw caps 6.2 5.6-6.8 
Vented screw caps fee 6.6-7.7 


It is evident that, the threshold obtained with the vented 
caps is approximately 1 pound higher than with the 





Fig. 2. Culture bottles used in the soil-block test showing 
the glass tube inserted in the lids. Organism in bottle on the 
left is Lentinus lepideus (Madison 534), and on the right 
Lenzites trabea (Madison 617). 
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TABLE 3. Analysis of creosote used in second aeration study 





Specific gravity at 38/15.5 C......... : sista odin ol 
Specific gravity of 235-315 C fraction. ............... 1.081 
Specific gravity of 315-355 C fraction betty 1.097 


Distillation 
eee Fe en ey ; 0.01% 
to 235 C. ee is Boe Mecc hae 6.50% 
"|. er ere eee ee Baty 34.30% 
UO) oh Oe a eae ae eR rit 52.69% 
CODE |) a ee SF eats i: ates neo 


Residue above 355 C.............. 24.08% 
Total 99.44% 
Benzol insoluble................... 2.11% 


.1.29 m1/100 g 
(210 to 355 C fraction) 
5.55 m1/100 g 

(210 to 355 C fraction) 
3.56% 


ART MINN ns port ieee Sts S cies 


Coke residue 





Note: Conforms to AT-7315, Issue 1, Code A, except for 
benzol insoluble and coke residue. 


loose screw caps. Although the 95 per cent confidence 
intervals overlap slightly, a statistical test of the dif- 
ference (c.f. Mood, 1950, p. 266) establishes the fact 
that with a 5 per cent chance of error, the thresholds 
for the two procedures are different. 

Essentially, the same experiment was repeated at a 
later date with a medium gravity domestic coal tar 
creosote from a commercial treatment. An analysis of 
this creosote is presented in table 3. Six charges of 20 
test blocks each were treated to average retentions of 
3.0, 4.0, 5.1, 6.0, 7.0, and 8.2 pounds of creosote per 
cubic foot of wood. Then the blocks were weathered 
outdoors for 60 days at the Chester Field Laboratory. 
Following weathering, they were divided into two 
groups, conditioned, and weighed. One set of bottles 
had vented caps as in the previous experiment, and the 
other the standard loose screw caps. Four blocks from 
each retention were placed in uninoculated bottles, one 
with a loose and one with a vented cap. The test or- 
ganism was Lentinus lepideus Madison 534. After the 
90-day test period, the blocks were removed from the 
bottles, reconditioned, and weighed. Weight losses 
were computed by machine and the thresholds de- 
termined by statistical analysis of the data. Results are 
as follows: 


95 per cent Confidence 


. Threshold 
Method of Aeration } Interval 
Ibs./cu. fi. lbs./cu. ft. 
Loose screw caps......... 5.1 4.5-5.6 
Vented screw caps........ 6.8 6.1-7.6 


In this case, the threshold obtained with the vented caps 
is 1.7 pounds higher than with the loose screw caps, 
and there is no overlapping of the 95 per cent confi- 
dence limits. 

Table 5 presents a summary of the per cent weight 
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TABLE 4. Average per cent weight losses and visual decay in 
creosoted blocks treated oven-dry and at 11 per cent 
moisture content 


Oven-Dry Blocks Blocks at 11.2% Moisture Content 


| Blocks | Blocks 
Avg retention |with visual] Avg wt loss |Avg retention with visual) Avg wt loss 
of charge | decay per| per charge of charge | decay per| per charge 
| charge charge | 
lbs/cu ft no. % lbs/cu jt no. % 
2.0 10 16.1 re | 10 | 14.8 
4.0 10 6.4 2 10 4.8 
6.0 4 1.8 6.6 3 2.1 
8.1 0 1.5 8.9 0 2.0 
10.2 0 By & 11.3 0 2.4 
12.7 0 1.9 13.4 0 2.2 


Note: 10 bloeks in each charge. 


losses and number of blocks showing visual decay in 
each charge for both aeration tests. 

Both experiments demonstrate a significantly higher 
threshold for the creosotes when the vented caps are 
employed. In the first test, the moisture content of the 
control blocks in the uninoculated bottles with vented 
caps averaged 29 per cent, while that of the control 
blocks in uninoculated bottles with loose caps was only 
25 per cent. In the second test the values were 35 per 
cent and 29 per cent respectively. The higher moisture 
content of the blocks in uninoculated, vented bottles 
suggests that the method of aeration affects the mois- 
ture content of the test blocks which in turn affects 
the growth of the fungus. Growth was good with both 
methods indicating sufficient oxygen in the bottles. 


Distribution of Creosote in Test Blocks 
The determination of preservative threshold in the 


soil-block test depends upon a relatively even distribu- 


TABLE 5. Average per cent weight losses and visual decay in 
creosoted blocks from two tests on bottle aeration 





Plain Caps Vented Caps 





Average | Blocks with | Avg yt ios | Meck With | Avg. wt os 
of charge decay/charge on eee decay/charge | PEF charge 
lbs/cu ft no. % no. % 
Test 1* 
5.1 | 2 3.0 { 4.0 
6.2 0 1.3 1 2.1 
i.e 0 1.4 0 1.2 
8.4 0 1.4 0 1.3 
9.4 0 | 0 1.4 
10.5 0 iz 0 1.3 
Test 2+ 
3.0 10 9.3 10 11.2 
4.0 5 4.2 10 5.3 
§.1 5 2.4 4 3.5 
6.0 ] BS 4 3.2 
7.0 0 2.0 0 2.2 
8.2 0 2.1 0 2.5 


*8 blocks per charge. 
+ 10 blocks per charge. 
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tion of preservative in the blocks. In the case of ojl. 
type preservatives such as creosote, an even distriby. 
tion, particularly in the lower retentions, is difficult 
unless the full cell treatment with toluene dilution jg 
used. This can be appreciated when it is realized that 
in the case of a two-pound retention of creosote per 
cubic foot of wood, only 0.2 g of creosote is distributed 
in a three-quarter inch block. 

Over the years, questions have been raised as to 
whether or not there is even distribution of creosote in 
the blocks, and if the various components are dis- 
tributed in the same manner when toluene is used as q 
diluent. It was felt that some answers might be obtained 
to these questions by treating test blocks in the usual 
way and then sectioning and running the standard 
soil-block test on the sections. A comparison of thresh- 
olds obtained with various sections of the blocks as 
well as whole blocks should indicate any variation in 
distribution of the preservative and its toxic com- 
ponents. 

Twelve 34-in blocks were treated in the usual way 
with a combination vertical retort tar and coke oven 
tar creosote to retentions of 4.0, 5.0, 6.0, 7.1, 8.1 and 
9.2 pounds of creosote per cubic foot of wood. All the 
blocks were weathered outdoors for 60 days. After 
conditioning, two representative blocks were selected 
from each charge for sectioning. These blocks were 
divided into four sections in the conditioning room. 
First, a section about 4-in thick was sawed from a 
cross-sectional face. Second, from the remaining part 
of the block a radial piece '4-in thick was split with a 
knife. Third, a piece was split from a tangential face of 
the remainder of the block. Fourth, all the remaining 
cross-sectional, radial, and tangential faces which had 
not been cut were removed and discarded, leaving the 
center of the block as the final test section. Soil-bottles 
were prepared and inoculated with Lentinus lepideus, 
Madison 534, the test organism for creosote. When 
there was sufficient growth, the ten whole blocks were 
planted in the usual way. In the case of the sections, 


TABLE 6. Average per cent weight loss in whole and sectioned 
test blocks with Lentinus lepideus (Madison 534) as the 
lest fungus 


Average Weight Loss in 
Retention 


Radial Tangential 








Whol Cross- : 

block. | nation section section Center 

lbs/cu ft % % % | «9 | 9% 
4.0 4.0 6.9 4.4 6.2 2.4 
| non 

5.0 19 6] «(8 2.6 sy ws 

ae _* ok ae 

6.0 1.6 1.9 0.9 7} os 
Ye | 1.8 LZ 1.3 1.9 1.4 
Si 1.9 re 1.4 24 2.4 
9.2 1.8 2.7 2.1 2.4 2.¢ 


* Indicates threshold. 
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the two cross-sectional pieces representing a given re- 
tention were planted in one bottle, the two radial pieces 
in another, and so on, for all the block sections. After 
the test period, the blocks and sections were removed 
from the bottles, conditioned, and the weight losses 
calculated. 

Since this was a special study including a limited 
number of small test sections, the usual statistical 
method of analysis used in the standard procedure was 
not employed. In this case, thresholds for the whole 
blocks, cross-sections, radial, tangential, and center 
sections were determined from the weight loss data in 
table 6 as well as visual observations of decay. The 
thresholds were as follows: 


Part of Block Tested Thresholds lbs/cu ft 


Whole 5.0-6.0 
Cross-sectional 5.0-6.0 
Radial 5.0-6.0 
Tangential 5.0-6.0 
Center 4.0-5.0 


The threshold values indicate rather clearly the uni- 
form distribution of the creosote. Specifically, the re- 
sults show that neither the total amount of creosote 
nor the various components responsible for the ef- 
fectiveness of the creosote are distributed erratically 
in the weathered blocks. The only apparent difference 
in threshold exists in the case of the block centers where 
the value is below those for the other sections and the 
whole blocks. It is felt that this difference is caused by 
the more severe weathering of the outer faces of the 
block. As stated, the blocks were weathered before 
sectioning. Although the value for the center section is 
listed as falling between 4.0 and 5.0 pounds per cubic 
foot, the slight rise in weight loss between the 6.0 and 
5.0 pound retentions suggests that the threshold prob- 
ably falls close to 5.0 pounds (see table 6). 

The results reported here tend to confirm the block 
extraction studies reported by Stasse (1955) and 
Colley (1953). Both of these reports indicate that there 
is no significant difference in creosote distribution in 
34-in cubes of southern pine sapwood as a result of full- 
cell treatment with toluene dilution. 

RESULTS 

Four studies involving different points in the opera- 
tion of the soil-block test have been reported in this 
paper. In the first, a statistical method of data analysis 
for the determination of preservative thresholds has 
been explained. The method provides a_ standard 
means of determining thresholds objectively which 
should facilitate the interpretation and comparison of 
soil-block data in any given laboratory or between dif- 
ferent laboratories. 

In the second study, it has been demonstrated that 
either oven-dried or conditioned blocks may be used 
for treatment without altering the threshold of the 


creosote. This seems to indicate that a similar even 
distribution of the oil-type preservatives takes place 
in the blocks regardless of oven-drying or conditioning. 

Third, in tests of two creosotes, a higher threshold 
was obtained using test bottles covered with vented 
caps than with the usual loose screw caps. This may 
have been due to tube-venting resulting in increased 
moisture contents in the test blocks. Additional experi- 
ments are underway with other preservatives and test 
organisms to obtain additional information on this 
subject. 

Finally, soil-block bioassays of whole and sectioned 
creosoted test blocks have demonstrated that treating 
blocks with creosote using the full-cell method and 
toluene dilution does not result in erratic distribution of 
the preservative. 
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SUMMARY 


An investigation has been made of the soil-block 
method for evaluating wood preservatives. A statistical 
method of evaluation was employed. Both oven-dried 
and conditioned blocks were satisfactory. Vented incu- 
bation bottles gave increased threshold values for 
fungus attack. The impregnation method employed was 
shown to give an even distribution of preservative. 
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APPENDIX: SAMPLE CALCULATIONS FOR STATISTICAL 

DETERMINATION OF THRESHOLD 


Summations of Soil-Block Test Data Necessary 
for Analysis 
Assume 6 charges with 10 blocks per charge and 
charges numbered in ascending order of retention. 


X = retention values and Y = weight loss values. 

Line Charges 2X X X2? xY Y x¥? SX¥ xX? XY 
5 5and 6 228.31 11.42 130.42 35.7 1.8 65.2 409.61 2637.05 20.56 
4 4and5 184.05 9.20 84.64 31.7 1.6 44.3 294.21 1715.00 14.72 
3 3and4 142.93 7.15 51.12 32.6 1.6 57.6 229.23 1043.66 11.44 
2 2and3 100.8 5.04 25.40 82.0 4.1 482.5 363.39 530.97 20.66 


1. Determine Line 5 between the highest pair of re- 
tentions: 


Y = ds ote bs x 
DXY — nXY 
arr 


409.61 — 20(20.56) 


where 6; = 


= 2637.05 — 20113042) 2° 
1.8 = a; — 0.055 (11.42) 
a; = 2.4281 
2. Line 4 is determined in the same manner where 
by = — 0.009 and a, = 1.6828 


3. Determine whether b, is significantly less than b; 
bs — Ds 
wal V var (bs) + var ( b,) 
_ Dy’ — ayy — bd xy 
(n — 2)[>>X° — nX* 
_ 95.2 — 2.4281(35.7) — (—0.055) (409.61) 


var (bs) 


-18(2637.05 — 20(130.42)] 
var (bs) = 0.0020 
In the same manner var (bs) = 0.0131. Then 
1 = 70085 +0000 
0.0020 + 0.0131 
ts < 1.65 


—0.37 


Since ¢ is not significant, steps 1, 2.and 3 are repeated 
until there is a significant difference. In this example 


. SNOKE 


[VoL 4 
this occurs between lines 3 and 2 where: 
b; = 0.0202 a; = 1.46 
bo = —2.17 a, = 15.04 
var (b,;) = 0.015 
var (bo) = 0.091 
Lin 0.0202 — (—2.17) 
V0.015 + 0.091 
ts > 1.65 


ied 


= 6.78 


4. Using all X and Y values from steps 1, 2 and 3 
except those belonging to the lowest treatment group 
utilized (Charge 2), determine the operational loss line 
by the formula 


Y =a’ + b/X 


where the primed quantities are obtained as in step 1. 
The summations including the extended X’s and Y’s 
are: 

=x x X? zy oY sy? 2x 2X? XY 


371.24 9.28 86.12 68.3 1.7 122.8 638,84 3680.71 15.78 


jr — OXY — XY _ 638.84 — 40(9.28)(1.7) 
xX’ — nX* ~—- 3680.71 — 40(86.12) 
b’ = 0.032 
17 =a’ + 0.03(9.28) 
a’ = 142 
5. Calculate the threshold 6 using the coefficients 
ad, and be as a and b respectively of the line where the 


slope was significantly different and the a’ and b’ co- 
efficients for the operational line: 


i a — a’ <4 15.04 om 1.42 
~ b —b 0.03 — (—2.17) 
6 = 6.19 


6. The 95 per cent confidence interval for @ is + 


2V/ var (6) 
_ 2| var (a) + var (a’) , var (b) + var (b’) 
var (0) = 6 | G@—a’? 7 > “6 
9 cov (ab) + cov (a’b u 
“(a — a’)(b! — b) 


Where for b 


9 


De 
Je b = wv.2.~SCSM2. 
var (b) vx" — nk 
s 


( aE ee: “00 
0.09! = 530.07 — 508.00 


i<) 


s = 2.09 
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Tl xX? 
var \q@) 5 m - ) Fy oan nX? 


OF 
209| 2 dias _ _ 
20 530.97 — 20(25.40) 
var (a) = 2.42 
Xx ; 
— ~am 9 =—» § 
2x — nx 


a 5.04 
530.97 — 20(25.40) 


COV (ab) 


2.09 


cov (ab) —().461 
In the same manner are found 


var(a’) = 0.0643 


var(b’) = 0.0007 
cov(a'b’) = —0.0065 
Then substituting 


; 2} 2.42 + 0.0643 
(6.19)? | 2:42. 
mae E= 1.42)? 


0.09 + 0.0007 
(—2.17 — 0.03)? 
—0.461 — 0.0065 
(15.04 — 1.42)(0.032 + 2.17) 


Var (6) 


+2 
Var (6) = 0.046 


Therefore the 95 per cent confidence interval for @ is 
+ 20/046 


+ 0.42 
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Since the advent of the technique of submerged fer- 
mentation, a number of fermentors have been described 
based upon one of the following principles: (a) Forced 
aeration without mechanical agitation; (b) forced 
aeration with propeller-type agitation; (c) forced aera- 
tion in a rotary drum; and (d) an air-lift pump which 
circulates the culture medium in a closed system 
(Scholler and Seidel, 1940). It is apparent that to carry 
out submerged fermentation with forced aeration alone 
usually is less effective than when combined with other 
means of agitation (Finn, 1954). However, the cost of 
mechanically agitated laboratory fermentors often may 
be prohibitive. 

The laboratory-size fermentor described herein, a 
modification of Scholler and Seidel’s plant-size appara- 
tus (also described by Saeman et al., 1945), was con- 
structed to overcome some of the limitations with 
which the teacher or researcher is confronted when a 
conventional means of mechanical agitation is not 
available or is too costly. In Scholler and Seidel’s 
fermentor, the tubes in which the culture medium 
was circulated were located outside of the main unit. 
It has been found more advantageous to construct the 
circulation tubes within the main unit; this simplifies 
construction, facilitates handling and sterilization, and 
is more efficient for small-scale operation. 


APPARATUS 


Fermentation vessel. The laboratory fermentor con- 
sists of an inverted, wide-mouth, Pyrex solution bottle 


with accessory equipment (figure 1). Solution bottles 
of 1- to 5-gal. capacity have been used successfully. 
The following tube-lengths are for a 2)5-gal. fermentor. 
The mouth of the bottle is fitted with a rubber stopper 
(size 12) containing four holes; the stopper is secured 
in the mouth by a simple metal clamp. Entering the 
fermentor through the stopper are four Pyrex glass 
tubes, as follows: (1) A 23-in. tube, 18-mm_ outside 
diameter, extends to within about 1 in. of the top of 
the bottle. Near the end of this tube outside the fer- 
mentor is attached, through a side arm, a 3¢-in. o.d. 
“Y” tube. (2) An 8-in. tube, 18-mm o.d., extends only 
as far as the inner side of the stopper. The two tubes 
(nos. 1 and 2) entering the fermentor are connected at 
their external ends by means of a heavy neoprene rub- 
ber tube (20-in. length, 24-in. bore, <-in. wall). This 
rubber tube allows free circulation of the culture 
medium, lessens the breakage problem and offers a 
means of breaking up (by squeezing the tube) masses 
of microbial growth which may retard circulation within 
the fermentor. Heavy twine encircling the rubber tub- 
ing ensures a smooth U-shaped bend. All hose-to-glass 
connections are made secure by tying with copper wire 
or by clamps. (3) A 23-in. tube, 8-mm o.d., with a 2-in. 
U-bend at the internal end to which a small funnel is 
attached, extends to within 2 in. of the top of the bottle, 
and serves as the air-outlet tube. The funnel deflects 
the falling spray of culture medium, thereby minimiz- 
ing the amount of medium sucked out with the air 
exhaust. The level of the culture medium should be at 
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Fig. 1. Functional diagram of air-lift fermentor 


1. Liquid lift tube 9. Funnel (baffle) 

2. Circulation tube 10. Bottle support 

3. Air outlet tube 11. T tube 

4. Secondary air inlet tube 12. Y tube 

5. 2144-Gallon solution bottle 13. Primary air inlet tube 
6. Rubber stopper 14. Inoculation port 

7. Stopper clamp 15. Sampling port 

8. String-wound rubber 16. Hose clamp 


tubing 


least two inches below the funnel. (4) A 5-in. tube, 
8-mm 0.d., which extends just above the stopper, serves 
as a secondary source of aeration and also prevents 
masses of growth from accumulating in the mouth of the 
fermentor. The tip of this tube may be constricted some- 
what to produce smaller air bubbles. At the end of this 
tube outside of the fermentor is attached a 3¢-in. o.d. 
“T” tube. 


Agitation and aeration. Sterile humidified air under 


[VoL. 4 


pressure continuously forces the culture medium up 
tube No. 1; the air enters the column through the “y” 
tube inlet. The forcible impingement of the liquid 
culture on the bottom of the bottle results in both 
mechanical agitation and aeration. A secondary source 
of air enters through tube No. 4. Compressed air, re- 
duced to 5 to 15 |b per sq. in., is supplied by a conven- 
tional compressor. The air is first cleaned by passing it 
through a Koby air purifier, then sterilized by passing 
through sterile Kelly bottles containing glass wool, and 
finally humidified by passing through a sterile Selas 
bacteriological filter (porosity No. 10) into water. Such 
treatment prevents both contamination and evapora- 
tion of the culture medium. An aeration rate of 1.5 to 
3.0 liters of air per minute per liter of medium has been 
found effective. 

Sterilization. The fermentor, with its accessory parts 
such as air filter, humidifiers, and so on, is sterilized as 
a unit. All openings are plugged with cotton and capped 
prior to. sterilization. The fermentation substrate 
ordinarily is sterilized within the fermentor; specific 
substances which require separate sterilization are 
treated individually, and can be added aseptically 
through the inoculation port. The size of the solution 
bottles may prevent sterilization in small-size auto- 
claves; in this laboratory it was found convenient to 
sterilize large units in an inexpensive vertical-type 
laboratory retort. 

Inoculum. The inoculum is supplied to the fermentor 
from a 500-ml Erlenmeyer flask by means of a rubber 
hose connection through either the “Y” tube or the 
secondary air-supply tube (No. 4). The inoculum 
usually is added to the culture medium before the solu- 
tion bottle is inverted. However, in cases where it is 
necessary to add the inoculum only after optimum 
culture conditions have been attained, inoculations are 
made, without discontinuing the operation, through 
the secondary air-supply tube (No. 4). 

Operation. The air-lift type fermentor can be used 
for continuous, semicontinuous or batch fermentations. 
By proper construction and manipulation of the inlet 
and outlet hose lines, the substrate can be continuously 
added during the fermentation, or added at intervals. 
The same is true of substrate withdrawals. 


TaBLeE 1. Yields of microorganisms in 2\%-gal. fermentor 





C (grams dry weight) 


| 

Organism | Cell Yields* 96 hours, 28 
| 
| 


Ashbya gossypii.... 


Peet ae | 31.9 
Penicillium chrysogenum.......... a: 71.6 
Fomes subroseus... . Se eae 25.6 
Saccharomyces cerevisiae.......... ne 31.6 





Chlorella vulgaris. . ene 16.7 


* From 6 liters of medium seeded with 1 per cent inoculum. 
+ Incubated for 7 days. 
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PROPAGATION EXPERIMENTS 


The following experiments illustrate the use of the 
fermentor for growing microorganisms; maximum yields 
were not the primary objective. 

Propagation experiments were run with the following 
test organisms: Ashbya gossypii, Penicillium § chrys- 
ogenum, Fomes subroseus, Saccharomyces cerevisiae 
and Chlorella vulgaris. All fermentations, except with 
F. subroseus (7-day incubation), were run for 96 hours 
at 28 C in a 2!-gal. fermentor containing 6 liters of 
culture medium. A nonsynthetic medium was used for 
the propagation of A. gossypii, P. chrysogenum, and 
S. cerevisiae, and contained the following components: 
(ilucose, 4 per cent; corn steep liquor, 1 per cent; and 
proteose peptone (Difco), 0.5 per cent. The medium 
prior to inoculation was adjusted to pH 6.5, 5.5 and 
4.5, respectively, for three organisms. C. vulgaris was 
grown in a synthetic medium containing Ca(NQOs)o- 
4H,0, 1 per cent; KNOs:, 0.025 per cent; NaCl, 0.005 
per cent; KH2PO,, 1 per cent; MgSO,4-7H2O, 0.05 per 
cent; FeSO,-7H2O, 0.002 per cent; Nas;CsH;O;, 0.05 
per cent; and glucose, 2 per cent. The pH of this 
medium after autoclaving was 6.7. F. subroseus was 
grown in a synthetic medium containing glucose, 4 per 
cent; glutamic acid, 1.0 per cent; KH:POx,, 0.7 per 
cent; MgSO,-7H.O, 0.25 per cent; plus the addition of 
common trace elements (Jennison et al., 1955). The 
pH of this synthetic medium after sterilization was 
5.2. One ml of Vegifat Y! per liter of culture medium 
was added to retard foaming. 

The test organisms were grown in shake culture, in 
the same medium used for the final fermentation, to 
produce cells for inoculating the larger culture. A 1 per 
cent inoculum was used in each case. Blended pellets of 
mycelium were used as the inoculum with P. chrys- 
ogenum and F. subroseus. Cells were harvested by 
centrifugation, then dried at 60 C in a vacuum oven for 
dry-weight determination. 

Table 1 shows the dry-weight yield (in grams) of 
cells obtained in the above media. 


DIscUSSION 

Expensive fermentation equipment has previously 
been needed for basic experiments, studying pilot plant 
operation and fermentation scale-up in the teaching 
laboratory. Many institutions find it difficult to equip 
fermentation laboratories with enough apparatus for an 
average-size class to explore and solve problems com- 
mon to the fermentation field. A simple and _ inex- 
pensive apparatus is described that operates on the 
principle of an air-lift pump which circulates, agitates 


1Nopco Chemical Co., Harrison, N. J. 


and aerates the culture medium in a closed system. The 
cost of this fermentor is approximately twenty dollars; 
a mechanically agitated fermentor of similar size is ap- 
proximately two hundred and fifty dollars. The bio- 
logical efficiency of an air-lift fermentor may, in many 
instances, be less than that of a mechanical-type fer- 
mentor, but its simplicity and low cost justify its con- 
sideration as an aid to teaching and research. 

Data on typical propagation experiments with five 
organisms showed the cell yields to be relatively high. 
These compare favorably with yields in mechanically 
agitated fermentors. In the teaching laboratory, the 
air-lift fermentor has been used successfully to produce 
antibiotics, vitamins, and enzymes, and to obtain 
suitable amounts of microbial cells for chemical analysis. 

The simple construction of the fermentor makes it 
applicable to semicontinuous as well as continuous fer- 
mentations. Temperature of the fermentor is readily 
controlled by operation in a temperature-controlled 
incubator, or, for higher temperatures, by applying a 
heating tape externally to the solution bottle. Propaga- 
tion of obligate thermophilic bacteria at 55 C has been 
accomplished. The effects of various gas mixtures on 
microbial growth can readily be studied. 
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SUMMARY 


A fermentor, operating on the principle of an air-lift 
pump which circulates the culture medium in a closed 
system, is described. It is simple in design, versatile, in- 
expensive, and can be made in various capacities. A 
variety of culture conditions can readily be controlled. 

Typical experiments showing the usefulness of the 
fermentor for mass cultivation of microorganisms are 
reported. High yields were obtained with five test 
organisms. 
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Leiguarda, Peso, and Kempny (1948) reported that 
no Shigella were isolated during their river water 
studies in Argentina, although 67 per cent of the 
samples showed Salmonella. Gispen and Gan (1950) 
also reported the frequent isolation of Salmonella from 
river water in Indonesia, but Shigella were not re- 
covered. During a five-year study of irrigation water in 
Colorado, the present authors likewise failed to isolate 
Shigella despite the frequent recovery of Salmonella 
(Dunlop, Twedt and Wang, 1952). 

The isolation of Shigella organisms from stool speci- 
mens also has not been satisfactory. Kligler, Oleinik, 
and Czazkes (1943) stated that the primary reason for 
this failure of isolation of Shigella from cases of dysen- 
tery appeared to be the age of the stool. Stools cultured 
shortly after they were voided gave more positives than 
when culture was delayed. These authors suggested 
that the presence of Shigella bacteriophage was prob- 
ably responsible for the rapid death of dysentery bac- 
teria in stools. 

As Shigella organisms are associated frequently with 
man’s excreta, the danger of consuming raw fruits and 
vegetables irrigated with sewage-polluted water is 
recognized. A study, therefore, has been undertaken to 
investigate the survival of Shigella in sewage and 
sewage-contaminated irrigation water, and to explore 
the methods used for isolation of these organisms. 


MATERIALS AND METHODS 


Preliminary studies indicated that a large number of 
Shigella flerneri (Shigelli paradysenteriae) were required 
to be added to raw sewage before recovery of these or- 
ganisms could be made. An investigation was under- 
taken to study the cause of the difficulties in recovering 
these organisms from raw sewage. In order to eliminate 
the competition of growth of the other organisms natu- 
rally present in sewage, autoclaved sewage was used for 
the survival studies with S. flerneri?. A known number of 
S. flernert II (culture obtained from the Communicable 
Disease Center, Chamblee, Georgia) was added to 


1 Presented in part at the national meeting of the Society of 
American Bacteriologists in New York City, May 11, 1955. 

2 This study was supported by a grant (E-542) from the 
National Institutes of Health, Public Health Service, Depart. 
ment of Health, Education and Welfare. 


sterile sewage and their survival was determined by 
streaking duplicate plates of SS agar (Difco) with 0.1 
ml of the inoculated sewage, serially diluted, at certain 
periods up to 96 hours. LB agar (Bertani, 1951), which 
contained no inhibitive constituents, was used for 
comparison. 

The sewage specimens were collected from the Denver 
sewage disposal plant and from two other plants, 
Thornton and Westminster, which represented only 
domestic sewage. Later, studies were extended to fecal 
specimens collected from various individuals. For the 
dilution of all suspensions, 0.1 per cent of bovine al- 
bumin in distilled water was used, as the bacteria were 
found to be stable in bovine albumin during the dilution 
period (Fenner, Martin and Pierce, 1948). 

When the period of contact exceeded 24 hours, air 
contaminants occasionally occurred in the samples 
during manipulation. One unit of penicillin per ml of 
sample was added to avoid this complication. Tests 
made indicated that S. flexneri II was resistant to 5 to 
25 units of penicillin per ml of broth. 


RESULTS 

Effect of sterile sewage. The recovery of S. fleeneri II 
from sterile sewage (Denver sewage plant) at 0 to 72 
or 96 hours is shown in table 1. As indicated by LB 
agar, S. flerneri IT multiplied in these samples in 6 to 
24 hours. On the other hand, from the determination 
with SS agar, these organisms appeared to decline 
sharply after exposure to sewage for 6 hours. It may 
be noted in table 1 that each sample of sewage acted 
somewhat differently; the general pattern, however, 
was similar. A total of 18 samples of sewage from the 
Denver plant showed similar results. Figure 1 shows the 
results of a typical experiment graphically. 

As media without inhibitive constituents, such as LB 
agar, permit the growth of many organisms present in 
sewage, Shigella usually are overgrown and cannot be 
isolated. SS agar, on the other hand, is rather routinely 
used for the isolation of Shigella as well as Salmonella. 
Therefore, it seemed important to investigate the cause 
of the failure to grow S. flexneri IT on SS agar. Further 
experiments were carried out using sewage from dif- 
ferent sewage disposal plants containing only domestic 
sewage. Table 2 shows the results of 2 typical experi- 
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TaBLE 1. Comparison of the counts per ml of Shigella flecnert 
II on LB and SS agar after exposure to sterile sewage for 
periods up lo 96 hours 








| Test #1 Test #2 | Test #3 
Hours Medium ee 
LB* SST LB ss LB SS 
0) | 5,300 4,000 7,200) 5,300 7,600, 3,800 
6 15,000 <5f 23 ,000 10) 6,200, 3,600 


24 | 2,200,000; 22,000 96 ,000) 300; 21,000 <5 
48 |14,000,000)4, 800 , 000 100 ,000 950} 16,000 <5 
72 |17,000,000.6,800,000 1,000,000|200,000| 270,000 <5 


la 


96 ; 2 pane 000/10 ,,000 


* LB = a noninhibitive noel 4 Berti ini, 1951). 
+ SS = Difco SS agar. 
t No growth on duplicate plates with 0.1 ml inoculation. 
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TABLE 2. Comparison of the counts per ml of Shigella flexneri 


II on LB and SS agar after exposure to sterile domestic sewage 
for periods up to 72 hours 
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24 48 72 
TIME IN HOURS 





Fic. 1. Comparison of the growth curves of Shigella flexneri 
IL in sterile sewage from Denver as determined by LB and 8S 
agar. 


ments. S. flexneri II lost the ability to grow on SS agar 
after 6 hours exposure to sterile sewage and regained 
this ability after 24 hours. On LB agar, the organisms 
grew well and a normal growth was exhibited. Twenty- 
five more samples of domestic sewage showed a similar 
effect. 

Effect of fecal suspensions. The last group of experi- 
ments showed that this effect, demonstrated on SS 
agar, was also associated with domestic sewage. Studies 
were made to determine whether fecal suspensions 
would show this same phenomenon. Figure 2 shows 








| Sewage from Thornton | Sewage from Westminster 
Hours wedi a : 
| LB* | - SSt : LB | i Ss ‘ 
Ay = | : 
0 | 4,900 1,500 | s, ~ ig re 

1 3,600 | 440 

6 | 4,300 | <5t| 5, pod t <b 
24 | 140,000 <5 110,000 <5 
48 | 3,700,000 200,000 | 2,600,000 120,000 
72 | 14,000,000 | 9,300,000 12,000,000 | 7,500,000 





* LB = a noninhibitive medium (Bertani, 1951). 
7 SS = Difco SS agar. 
t No growth on duplicate plates with 0.1 ml inoculation. 
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Fic. 2. Comparison of the growth curves of Shigella flexneri 
II in sterile fecal suspension as determined by LB and SS agar. 


that the factor was also present in sterile fecal suspen- 
sions. The organisms multiplied in this medium in 24 
hours, as determined by subculturing to LB agar. 
Using SS agar, the number of organisms appeared to 
drop off after 6 hours exposure. The organisms again 
regained the ability to grow on SS agar after 24 to 48 
hours exposure. 

Effect of heat. To test whether heat in autoclaving was 
responsible for the production of this effect, bacteria- 
free fecal filtrates were tested along with autoclaved 
fecal suspensions. These filtrates were shown to be free 
of specific bacteriophage for S. flexneri II. The results 
(table 3) show that after the organisms were exposed to 
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TaBLe 3. Comparison of the counts per ml of Shigella flexneri IT on LB and SS agar after exposure to autoclaved fecal suspensions ani 
filtered fecal suspensions 


Test ¥1 
Autoclaved Filtered 
Hours _ 
LB* SSt LB 
0 6,100 2,700 5,800 
6 8, 200 20 8,800 
24 35, 000, 000 6, 200, 000 t 


* LB = a noninhibitive medium (Bertani, 1951). 
+ SS = Difco SS agar. 
t Contaminated with gram positive rods. 
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Test #2 
Autoclaved Filtered . 
Medium 
SS LB SS LB SS 
1,100 5,300 | 2,000 5,600 2,900 
10 10,000 | 10 12,000 10 
10 5,400, 000 2,000, 000 60 10 


TaBe 4. Failure of Shigella flerneri II to develop resistance to the sewage or fecal effect during 24 to 96 hours exposure; comparison 
of counts per ml on LB and SS agar of original and derived cultures exposed to sewage or fecal suspension 


Sewage 


Original culture 


Derived culture #1* 


Fecal Suspension 


Original culture 


Derived culture *2* 
Hours 3 tee 
Medium 

LBt SSt LB SS LB SS LB SS 
0 5,200 2,400 4,800 2,500 4,500 1,700 5,000 1,600 
6 7,400 20 9,000 100 6,000 | <5§ 5,400 <5§ 
24 720, 000 170,000 1,200,000 600, 000 | 3,900,000 | 1,100,000 1,800,000 500,000 
48 23,000, 000 | 8,700,000 22,000, 000 17,000, 000 | 12,000, 000 7,600, 000 8,800, 000 1,000,000 


* Organisms isolated as SS agar from sterile sewer or fecal samples which had been inoculated 24 to 96 hours previously with 


Shigella flerneri I. 
+ LB = a noninhibitive medium (Bertani, 1951). 
tSS = Difco SS agar. 
§ No growth on duplicate plates with 0.1 ml inoculation. 


either filtered or autoclaved specimens for 6 hours, the 
growth on SS agar dropped to very low levels; but the 
organisms were either stable or multiplied as deter- 
mined by LB agar. However, at 24-hour periods, the 
organisms multiplied in autoclaved suspensions and 
dropped off in filtered fecal suspensions, as indicated 
by both LB and SS agar. The drop in number of organ- 
isms in filtered specimens was possibly due to the re- 
moval of nutritional requirements for the organisms. 
Nevertheless, the results indicated that the organisms 
were affected at 6 hours in both autoclaved and filtered 
specimens, and that heat was not responsible for the 
formation of the observed effect. 

Variant phenomenon. In order to find out whether the 
organisms growing on SS agar after being in fecal 
suspensions or sewage for 24 to 96 hours were variants 
of the stock strain of S. flerner? I], these organisms on 
SS agar were isolated from several specimens and re- 
inoculated into the same or different samples of sterile 
sewage or fecal specimens and recovery studies were 
made as usual. The original stock strain of S. flernert 
II was used as a control. Table 4 indicates that the de- 
rived organisms were affected by the sterile sewage or 
fecal suspension just as much as the stock strain. 
Similar results were obtained with 7 additional samples. 


Other Shigella flexneri. The effect of sterile sewage on 
the various types of S. flexneri was also tested twice. 
S. fleenert IIT failed to grow on both LB and SS agar 
after 6 hours exposure to sewage. The effect on S. 
flexneri Land IV was the same as noted previously with 
type II. S. flexneri V and VI did not grow on SS agar 
at all. 

Effect of ions. Experiments presented thus far showed 
that sterile sewage and fecal suspensions contained 
factors which could cause S. flexneri I1, inoculated into 
these media, to lose their ability to grow on SS agar. As 
this factor could very well be responsible for the dif- 
ficulties encountered in the isolation of Shigella from 
sewage or fecal specimens, attempts have been made 
to study the nature of this phenomenon and, if possible, 
to eliminate it. 

It had been noted previously in some studies with 
Shigella bacteriophage that CaCl, (2.5 X 10m) 
exerted a slight inhibitory effect on S. flexneri II during 
the early growth phase in LB broth when the organisms 
were subsequently transferred to SS agar. This sug- 
gested that certain salts or ions in the exposure medium, 
such as sewage, feces or broth, might be responsible. 
Although CaCl, had an inhibitory effect, NaCl, on the 
other hand, was found to be essential for subsequent 
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8- 
NaCl +P04 - LB__ 
/~ acl + PO4_-SS_ 
7- 








a a 





TIME IN 


HOURS 

Fig. 3. The effect of adding sodium chloride (0.15 M) and so- 
dium chloride and phosphates (K2.HPO,—0.017 m and KH.2PO, 
—0.008 m) on the survival of Shigella flexneri II in sterile 
sewage. 


growth on SS agar. Studies, therefore, were made to 
reverse this effect by adding different ions into sterile 
sewage or fecal specimens. Figure 3 shows the effects 
of adding NaCl, K:;HPO, and KH,PO, (or NasHPO, 
plus NaH.PO,;) and NaCl to sterile sewage along with 
S. fleeneri I. 

As compared with the controls with no salts added 
the addition of NaCl alone to sterile sewage resulted in 
a partial reversal of the inhibitory effect at 6 hours and 
recoveries of organisms declined sharply after 6 hours, 
as indicated by both LB and SS agar. The addition of 
NaCl plus either sodium or potassium phosphates 
achieved striking reversal. Further experiments indi- 
‘ated that potassium or sodium phosphates alone added 
to sterile sewage also reversed this effect. In the 
presence of NaCl, lowering the pH of sewage from 9.0 
or 9.5 to 7.5 with HCl, H»SO, or potassium phthalate 
resulted in complete recovery of the organisms on 
SS agar. 

As for fecal suspensions, figure 4 shows that the effect 
on S. flexneri II was reversed by the addition of NaCl 
alone. The combinations of NaCl and sodium or potas- 
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Fic. 4. The effect of adding sodium chloride (0.15 m) on the 
survival of Shigella flexneri IL in sterile fecal suspension. 
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Fia. 5. The effect of adding sodium chloride (0.15 m) and 
phosphates (K2:HPO,—0.017 m and KH.PO,—0.008 m) after 
the 6-hour exposure of Shigella flexneri II in sterile sewage. 


sium phosphates were also tried and showed similar 
reversal. It appeared that only NaCl was necessary as 
the pH of sterile fecal suspensions was normally about 
7.0. The minimum concentration of NaCl needed for 
this reversal was about 0.035 m. Potassium chloride 
reacted the same as NaCl. Therefore, the effect of 
Ke-HPO, or NasHPO; (0.017 m) and KH2PO, or NaH2PO, 
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(0.008 mM) in combination (0,025 M) is probably due to 
the concentration of potassium or sodium ions (0.042 mM). 

As under natural conditions in sewage, the organisms 
have been exposed for periods up to 6 hours or more 
before samples are taken, it was interesting to try the 
effect of adding NaCl and PO, after such exposure but 
prior to transfer to SS agar. Figure 5 shows that the 
reversal immediate, However, a 


is almost recovery 


period of at least one hour is more desirable. 
DuscUSSION 

The results showed that S. flecnert TL added to sterile 
sewage or to a fecal suspension would not grow on SS 
agar when transferred after 6 to 24 hours exposure, On 
the other hand, transfers to LB agar indicated that the 
organisms were either viable or even multiplying in 
these specimens. Some unknown factor or factors in 
sewage or fecal suspensions affected the organisms so 
that without inhibitive 
constituents. After a long exposure period, 24 to 48 


they grew only on media 


hours, the organisms, however, regained the ability to 
grow on SS agar. This phenomenon was also true but to 
less extent: when desoxycholate citrate agar (Difco) 
and MaecConkey’s agar (Difeo) were tested. It was 
noted that the effeet was the greatest during the lag or 
early logarithmic period of growth. This suggests that 
the organisms are more sensitive to the inhibitive 
agents in these media during these phases. 

In a few samples of sewage, the number of organisms 
declined after 6 to 24 hours exposure as determined by 
both LB and SS agar. Was this effect similar to the 
phenomenon already described? Heinmets, Taylor and 
Lehman (1954) reported that suspensions of Mscherichia 
coli, strain B/8, which have been sterilized by the 
action of heat, chlorine, Zephiran chloride, and ethy! 
aleohol, contained viable cells when incubated) with 
various metabolites of the tricarboxylic acid cycle. It 
is obvious that the present concepts of sterility are 
arbitrary. From the observations made in this report, 
it may also be stated that sewage or fecal specimens, 
negative for Shigella when cultured on SS agar, may, 
in fact, still contain viable cells if a less inhibitive 
medium could be used. However, the overgrowth of 
other organisms in sewage or fecal specimens on non- 
inhibitive media usually the isolation of 
Shigella impossible, and some more selective medium is 
required. 

It is interesting to note that the addition of NaCl 
reversed this effect in fecal suspensions, and that the 


renders 


reaction was almost immediate. For sewage, adjusting 
the pH from 9.0 to 9.5 to about 7.5 was necessary for 
the reversal effect of NaCl. It was also noted that 
S. flexneri IT in a broth without NaCl added would not 
grow well on SS agar. It seems that NaCl or KCI pro- 
tected the organisms in the exposure medium, and they 
could then grow on SS agar normally. Adding NaCl 
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into SS agar did not show any protective effect, how. 
ever. The mechanism of this action is not yet deter. 
mined. It may be that these cations, sodium or potas. 
sium, are absorbed to the surface of the negatively 
charged bacteria in the sewage or fecal suspensions, 
and thus the organisms become more resistant to the 
surface action of the anionic bile salts present in the 
inhibitive media, 

The reversal action of NaCl may also be reflected in 
the use of formalinized buffered glycerol saline for the 
preservation of dysenteric stool specimens  (Kligler, 
Oleinik and Czazkes, 1943). It may be that the role of 
buffered saline is to give protective action to the 
organisms so that they will grow better on SS agar, 


SUMMARY 


Shigella flernert 11, inoculated into sterile sewage or 
fecal suspensions, appeared to decline sharply in 
numbers, as indicated by transfer to SS agar after 6 to 
24 hours exposure in the sewage. No decline was noted 
when transfers were made to a medium without in- 
hibitive constituents. Autoclaving the sewage or feeal 
suspension was shown not to be responsible for the 
production of this effect and no variant phenomenon 
was Involved. 

This observed effect was reversed by adding NaC] 
(or KCI) into fecal suspensions. With sewage, NaCl 
(or KCI) also reversed the effect, but only when the pH 
Was first adjusted to about 7.5. Sodium or potassium 
phosphate was equally as effective as NaCl or KC! in 
reversing the effect. It is suggested that the sodium or 
potassium ions are the essential elements in the reversal. 
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Enzymatic hydrolysis of cellulose is an important 
reaction in nature for it marks the first step in the 
decay of cellulose, the most abundantly occurring or- 
canic material. Unlike the chemical reactions, the 
enzymatic process has not yet been adapted to any 
useful industrial purpose. 

This paper aims to review and to evaluate some of 
the recent developments in the study of the enzymatic 
hydrolysis of cellulose, to compare enzymatic with other 
hydrolyses, and to define the problems immediately 
ahead. 


RECENT DEVELOPMENTS 


Multiple components in cellulolytic systems. One of 
the most important questions being resolved is ‘‘Are 
there several cellulases, or is there only one type?” 
Until 4 or 5 years ago, all of our work was based on the 
assumption of a single cellulase, and this in spite of the 
fact that starch hydrolyzing enzymes were recognized 
as of several types. 

The following diagram helps to illustrate the dif- 
ferent. views of the current workers in this field: 

Native C , 
Cellulose 


Linear Cellulose Cx. 
Chains (A, B, C ete.) 


6-gluc 


Cellobiose ————> _ glucose 


B-glucosidase A, B, C ete. 
(= transferases?) 
Whitaker (1953-1954) has concluded that his .Wyro- 
thecium verrucaria cellulase is a single enzyme capable of 
hydrolyzing native cellulose to glucose. Kooiman 
et al. (1953) agree with Whitaker except that they in- 
volve a separate enzyme (cellobiase) in the hydrolysis 
of cellobiose to glucose. Jermyn (1952) has demon- 
strated the presence of several 6-glucosidases, some of 
which he believes act on comparatively long chains as 
found in carboxymethylcellulose (CMC). We question 
this, since Grassmann et al. (1933) showed that. six 
approaches the upper limit in the number of anhydro- 
glucose units on which $-glucosidase (cellobiase) can 
act. Gilligan and Reese (1954) have separated by paper 
chromatography and with calcium phosphate columns, 
several cellulolytic components (Cx) from filtrates of 
the same species (./. verrucaria) used by these workers. 
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Fractions from Trichoderma viride filtrates differed 
from each other in their rate of movement on the 
column, in their relative activities on certain cellulosic 
substrates, in their mode of action, and in their be- 
havior in the presence of cellobiose and of methocel 
(table 1). In addition, there was a marked synergistic 
effect shown when fractions recombined and 
tested on solid celluloses (table 2). 

Until now, the rate of enzyme hydrolysis of cellulose 
was believed to be independent of the degree of poly- 
merization (DP). Separation of Trichoderma viride 
cellulase into three components shows that while this 
may be true of whole filtrates, it is not true of the 
individual components. Of the three 7. viride com- 
ponents, one (B), was more active on longer chains, 
one (CD), on the shorter chains, and the third (A), 
about equally active on both (table 1). This relation- 
ship suggests that the components of a cellulolytic 
system may differ largely in their preference for chains 
of a particular length. If this be true, then there may 
be components bridging the gap between the cellulases 
and the 6-glucosidases (Jermyn, 1952). Such com- 
ponents would have maximum activity on the short 
chains (6 to 10 units long) and lesser activity as the 
chains become longer or shorter. There is another 
explanation, however. The low DP material, by its 
very nature, has ten times as many chain ends. The 
preference of enzyme component CD for this material 
may thus be an indication of an endwise attack, rather 
than a preference for short chains. Improved separation 
of components is necessary before this question can be 
resolved. 

Not enough is known about C; to characterize it. 
The existence of this enzyme was proposed at a stage 
in our development when Cx was considered to be a 
single enzyme. Its presence was deduced from the fact 
that some organisms unable to attack native cellulose 
did produce enzymes capable of hydrolyzing degraded 
celluloses (like CMC). Now that we have found dif- 
ferences in Cxs, we are uncertain whether C,; is that 
form of Cx acting primarily on the longest chains, or 
whether it may indeed act on some minor linkage, or 
minor component, in native cellulose. In this connec- 
tion, we call attention to the peculiar action of one 


were 
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TABLE 1. Comparison of various enzyme fractions obtain 


| R* ~ 
| 
Fraction w/C SF/C Cellobiose Conc. 
0.5 | 1.0 
% % 
A 0.48 13.0 +3.0 +5.0 
B 0.34 YS 25.0 36.0 
CD 12.0 11.0 27.0 NT 
Original 1.5 23.0 21.0 32.0 


* R values are comparative values for the action of the enzyme on two substrates. These substrate 
i.e. reptd. from 85% H;PO, (Gilligan and Reese, 1954). C = CMC 50T Degree of Substitution 
SF = Swelling factor, an activity against cotton measured by the increase in swollen weight in 18% NaOH (Marsh et al., 1953), 
) are probably not significant; NT = No Test; + = 


+ Values in ( 
t DP = Degree of polymerization. 


cellulolytic component on cotton fiber, for example, the 
swelling factor. Short incubation of fiber with this 
enzyme increases the subsequent swelling in 18 per 
cent alkali and increases the Congo red uptake (Marsh 
et al., 1953). The action appears to be on the cellulose 
of the primary wall. Since no reducing sugars are pro- 
duced under the test conditions, it may be that the 
enzyme involved is limited in its action to the long 
chains. 

Intermediate products of cellulose hydrolysis. A second 
problem receiving increased emphasis is “‘What are the 
products of the enzymatic hydrolysis of cellulose?” 

Cellulase acts on cellulose to produce soluble sugars. 
Intermediate hydrolysis products are never found. 
This indicates that the total action is such that the 
initial attack is slow relative to the later reactions. As 
a result, the degree of polymerization of the residue falls 
rather slowly (Walseth, 1952), as compared to acid 
hydrolysis. Our results, based on a different measure of 
DP (end group, Meyer, 1951), confirm and extend 
those of Walseth. 


10% NaOH 


Cotton DP 519 22% soluble” Cotton DP 752 
| Enzyme 
0.6% Loss 
07 
Cotton DP 407 —!0% Xa0H | Cotton DP 850 


4.1% soluble * 


The increase in alkali solubility due to enzyme action 
was previously reported by Abrams (1950). It seems 
that native cotton has cellulose chains of variable 
length. The shorter of these are removed by treatment 
with cold alkali, leaving a residue of higher DP. Cel- 
lulase appears to act preferentially on the shorter 
chains. As a result, the alkali soluble fraction increases, 
and the DP of the residue reaches a value even higher 
than that of the initial material. 

* Glucose is certainly the end product of the complete 
hydrolysis of cellulose by enzymes Where 8-glucosidase 


ed by passing Trichoderma viride filtrate through 


Inhibitiont of CMC Hydrolysis by Cellobiose and Methocel 
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a calcium phosphate gel columy 


——— | Ratio of Activity on Cellulose 


c of DPt 480 to Activity 9 
Methocel Conc. Cellulose of DP 46 





2.0 0.006 0.02 

2.0 (+4) 0 1.1 
42.0 35.0 64.0 1.6 
51.0 33.0 63.0 0.66 
34.0 36.0 41.0 


*s are: W = Walseth cellulose, 


= 0.52 (Gilligan and Reese, 1954) 


= Stimulation. These are results obtained in viscosity tests, 


TABLE 2. Effects on combination of cellulolytic fractions from 
calcium phosphate gel columns 


Relative Activities* 


Filtrates Fractions on ate ~ 

War) 

Trichoderma A 1.0; 1.0 1.0 

viride QM 6a CD 1.0 1.0 1.0 

(A + CD)/2 2.1 | 2.0 |1.0 + 0.06 

Myrothecium First 1.0 1.0) 1.0 

verrucaria Last 1.0 | 1.0 1.0 
QM 460 (First + last) /2 19 (23 


1.0-1.06 


* For activities, see footnote to table 1. 


is present in the cellulolytic complex, much of the 
glucose results from its action on cellobiose. But it is 
still uncertain whether glucose may be produced in the 
absence of 8-glucosidase. Whitaker (1954) believes that 
it can. Some of our own recent data (figure 1) indicate 
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Fic. 1. Products of enzymatic hydrolysis of cellulose. Ac- 
tivity given as mg reducing sugar (RS) per ml of reaction 
mixture. 

A. Myrothecium verrucia. 

B. Trichoderma viride. 

I. O———O Cellobiose from ‘‘Walseth” cellulose (0.25%). 
II. 0———O Glucose from ‘‘Walseth’’ cellulose (0.25%). 
III. A- —- - -A Glucose from cellobiose (0.25%) (under same 


conditions as used in cellulose hydrolysis). 
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that glucose does result from direct action of Cx (or of 
a single component of Cx). The solutions selected have 
low cellobiase activity. The M. verrucaria solution (a 
fraction obtained by alcohol precipitation) produced 
but a trace of glucose from cellulose, and this could be 
due to the cellobiase present. Here, it appears that 
eellobiose is the only end product of Cx activity. The 
T. viride filtrate, on the other hand, produced an ap- 
preciable amount of glucose which must come from 
direct action of Cx on cellulose, since direct action of 
the filtrate on cellobiose produced only a trace of 
glucose. Indeed, study of components relatively free of 
cellobiase makes it appear that this is the more common 
action. A cellobiose: glucose ratio of 2 (and of 3) has 
been found in hydrolysates of the latter type. 

We have never found a water soluble intermediate 
product of cellulose hydrolysis (that is, other than 
cellobiose). The only exceptions have been those 
attributable to substituted sugars resulting from 
hydrolysis of CMC, cellulose sulfate, or other substi- 
tuted celluloses (Levinson et al., 1951). ‘‘Intermediates”’ 
were detected by Kooiman et al. (1953) during the 
enzymatic hydrolysis of cellulose dextrin (obtained by 
treating cellulose with strong sulfuric acid). We have 
also shown such intermediates by paper chromatogra- 
phy (Levinson ef al., 1951), but believe them to be 
substituted sugars. Recently, Hash and King (1954) 
have demonstrated what they believe to be a 4-unit 
(soluble) intermediate. In view of recent observations 
that transferases are present in these solutions (Crook 
and Stone, 1953), it is probable that the intermediate 
observed by Hash and King may be the result of the 
action of such a transferase on cellobiose. 


f glucotransferase 
Cellobiose — > 





Cellobiose + 


cellotriose 
— glucose 


glucose 
as 2 aes 8 P 4G nae 
Cellobiose 
G-1 : [2] G-1 2 4G + G 
trimer glucose 


This reaction has been observed not only by Crook and 
Stone (1953), but in cellulolytic filtrates of Streptomyces 
sp. (QM B814) by B. Norkrans (personal communica- 
tion), of Myrothecitum verrucaria (QM 460), Tricho- 
derma viride (QM 6a), Pestalotia palmarum (QM 381), 
Stachybotrys atra (QM 94d) by E. T. Reese (unpub- 
lished); and in noncellulolytic filtrates of Aspergillus 
luchuensis (QM 873) by E. T. Reese (unpublished), 
of Aspergillus niger by Barker et al. (1953), of Asper- 
gillus flavus by Giri et al. (1954), and of Aspergillus 
oryzae by Jermyn and Thomas (1953). The transferases 
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thus appear to be of common occurrence, and it may 
be that all 6-glucosidases act in this fashion. 

The nature of the products of transferase activity 
needs to be clarified. Barker et al. (1953) believe that 
three cellotrioses are produced, the major trimer con- 
taining 8 1-6 and 8 1-4 linkages (gentiobiose and cello- 
biose were produced on acid hydrolysis). Disaccharides 
other than cellobiose are also found. As shown by 
Barker et al. (1953), these may be the result of action 
of a transferase on glucose, or they may result from 
hydrolysis of the various trimers. In all cases, the 
products were said to contain 6-linkages, though not 
necessarily of the 1-4 type. 

We have found that the above listed cellulolytic 
filtrates which produce glucose and oligosaccharide(s) 
from cellobiose, also produce glucose and an oligosac- 
charide from maltose, a disaccharide with an @ linkage. 
It appears that filtrates of fungi may contain some 
transferases acting on a@ linked, and others acting on 8 
linked disaccharides. While the a type transferase pre- 
sumably does not act on cellobiose, it may be re- 
sponsible for the production of a linkages in saccharides 
produced from the glucose resulting from the 8 type 
transferase. Most of the reports to date appear to dis- 
regard the effect of contaminating enzymes on the 
nature of the resultant products. The variety of the 
products suggests the possibility that several enzymes 
are involved and that, until separation of the enzymes 
is achieved, the part played by each will be open to 
question (Jermyn and Thomas, 1953). 

Purification and characterization of cellulase. The best 
work on the purification of cellulase is being done by 
Whitaker (1953) in Canada. Using modern methods, he 
has succeeded in obtaining a highly purified preparation 
which he has proceeded to characterize. According to 
him, the cellulase of Myrothecium verrucaria appears to 
be a cigar-shaped molecule, roughly 200 A long by 33 A 
broad, having a molecular weight of about 63,000 

(Whitaker et al., 1954). As Cooke (1954) has pointed 
out, such a large molecule is incapable of penetrating 
the pores of cotton or rayon. Whitaker’s preparation 
hydrolyzes cellulose and its breakdown products of all 
chain lengths, though the rate falls off markedly as the 
DP falls from four to two. 

Whistler and Smart (1953) have removed the cello- 
biase from a commercial cellulase preparation. As a 
result, cellobiose was the main product of hydrolysis by 
the purified cellulase preparation. The best work of 
this group has been the development of a chromato- 
graphic technique for separating the sugars found in 
hydrolysates. 

The resistance of cellulase (of M. verrucaria) to heat 
inactivation (Bultman and Leonard, 1954; Kooiman 
et al., 1953) has been used to study the hydrolysis of 
cellulose in the absence of 8-glucosidase (which is more 
sensitive to heat). 
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TABLE 3. Comparison of enzyme and acid hydrolysis of cellulose 


Amount of Agent to Give 
Unit Activity* 


Substrate er 
— Hydrochloric 
enzymet acid 
ppm ppm 
Carboxymethyleellulose (C) 2 > 200,000 
“Walseth’’ cellulose (W) 6 > 200,000 
Cotton fibers . : _ 1 64,000 


* Concentration required to give unit activities: C = 0.40 
mg reducing sugar/ml/hr/ 50 C. W = 0.50 mg reducing sugar 
ml/2hr 50 C. Cotton = 50 mg increase in swollen wt/hr 50 C. 

+ Derived from data of Gilligan and Reese (1954). 


COMPARISON OF ENZYMATIC WITH OTHER HypROLYSES 

Specificity of cellulolytic enzymes. Enzymes are more 
efficient agents of hydrolysis than are acids (table 3). 
A comparison of activities at 50 C on three cellulosic 
substrates shows that 100,000 times as much acid is 
required to bring about the same degree of hydrolysis. 
At the molecular level, the difference is further increased 
because of the disparity in molecular weight [HC] = 
36; cellulase = 63,000 (Whitaker, 1954)], so that ap- 
proximately 10° HCl molecules are required to do the 
work of a single enzyme molecule under the conditions 
specified. 

Hydrolysis by enzymes is a highly specific reaction. 
Acid attacks a or B and 1 to 4, 1 to 6, 1 to 2, or 1 to 
3 linkages. Known cellulolytic enzymes hydrolyze only 
the 8 1 to 4 glucosidic link. The specificity of cellulases 
extends even beyond this, for if the glucose units of 
the chain are substituted or modified in any way, the 
action of the enzyme is impaired. As a result, treatment 
of an unknown glucosan with a known enzyme solution 
has become a feasible method for determining the nature 
of the linkages involved. As yet, this technique is not 
highly developed. But as the components of enzyme 
systems are separated, and as better characterized 
substrates are developed, we may expect to obtain a 
tool for the further elucidation of carbohydrate struc- 
ture. 

In spite of the great activity of cellulase, we are un- 
able to degrade cellulose rapidly by enzymatic means. 
We know of no enzyme that can compete with the 
sulfuric acid hydrolysis of native cellulose to glucose by 
the method of Saeman et al. (1944), practically com- 
plete conversion within one hour. But this requires the 
combined action of concentrated acid at low tempera- 
ture and of dilute acid at high. It involves a swelling 
and a splitting (and perhaps much more!). While we 
‘annot use cellulolytic enzymes to achieve rapid ex- 
tensive dissolution of native cellulose, the organism 
itself can do much better than we can. Highly active 
organisms in shake flasks can consume over 50 per cent 
of the cellulose (0.5 per cent suspension) within 3 or 4 
days. Yet if we were to use the same solution, free of 
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DURATION of TREATMENT 
hic. 2. Mffeet of various treatments on the susceptibility of 
cotton cellulose to enzymie hydrolysis. 
1. Effect of 85 per cent H3;PO,; or of 72 per cent H.S0,. 
Abscissa in hours. 
II. lffect of ball milling (vibratory). Abscissa in hours. 
IIT. Isffect of 30 per cent NaOH. Abscissa in days exposure 
of alkali swollen material to air. 
IV. Effect of irradiation with cathode rays (van de Graaf). 
Abscissa in tens of megareps. 
V. Effect of weak organic acids. Abscissa in days of reflux- 
ing. (Loss in weight = 5 to 6 per cent in 3 days.) 


the organism, taken at the time of its greatest cellulo- 
lytic activity and adjusted to conditions for maximum 
hydrolysis (that is, higher temperatures than_ the 
growth optimum, and perhaps a different pH from that 
giving best growth), we achieve only a fraction of the 
rate attained by the growing organism. The reason may 
lie in the fact that in the absence of the organism the 
end products accumulate, and of these at least cello- 
biose is known to be inhibitory (Reese et al., 1952). Or 
it may be that all of the cellulolytic enzymes are not 
found in the culture filtrate. Daily replenishing of the 
solution with fresh enzyme solution helps but little. It 
is more likely that the intimate association of hypha 
with cellulose accounts for the greater hydrolysis rate 
in the growing culture. 

There are two important ways to increase the rate of 
enzyme hydrolysis. One is to give the enzyme the 
conditions which are optimal for it. The other is to 
alter the cellulose in such a way as to attain maximum 
surface. Solubilization by the addition of substituents 
is ideal if the degree of substitution (DS) can be kept 
low (below 0.5). Above DS 1, the cellulose becomes re- 
sistant to enzyme action. 

Changes in the physical or chemical nature of cellu- 
lose lead to changes in its susceptibility to enzyme 
hydrolysis (figure 2). Swelling by strong acid (72 per 
cent sulfuric or 85 per cent phosphoric) or by strong 
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alkali increases the susceptibility of the reprecipitated 
product to enzyme hydrolysis. Phosphoric acid treat- 
ment is preferable for most purposes, since it does not 
involve partial esterification of the cellulose as does 
the sulfuric acid treatment. Exposure of alkali cellulose 
to air leads to changes making the swollen cellulose 
more resistant to enzyme hydrolysis. Mechanical in- 
crease in the surface results in a greatly increased 
susceptibility to enzyme hydrolysis. Partial disintegra- 
tion in a Wiley Mill has a marked effect which is ap- 
parently greater than can be accounted for by the 
increase in surface. It appears that the cut surfaces are 
much less resistant than the outer layers of the cotton 
fiber. Ball milling (figure 2) gives an even greater 
effect, due in part to the increase of surface and in part 
toa depolymerization. 

Treatment of native cellulose with dilute mineral 
acid, or with weak organic acids, reduces the suscepti- 
bility of the residual cellulose to enzyme, either by the 
removal of the more readily hydrolyzed (amorphous) 
areas or by the formation of substituted cellulose 
derivatives. While marked loss in tensile strength of 
cotton, and a lower DP results from the treatment with 
dilute mineral acid, there is no increase in susceptibility 
to enzyme hydrolysis. 

Irradiation with cathode rays modifies cellulose in 
such a way as to make it more resistant to enzyme 
hydrolysis. Ultraviolet light seems to have a similar 
effect (Wagner et al., 1947). Heavy dosages of cathode 
rays bring about a reversal in effect (at about 40 mega- 
reps), the residue increasing again in susceptibility to 
enzyme action. At high dosage levels, depolymerization 
becomes an important factor. Its influence is apparently 
sufficient to outweigh the other changes being produced 
along the cellulose chain. 

Although the effects of the various treatments are in 
general the same for filtrates of different organisms, they 
are not of the same magnitude (table 4). The cello- 


TABLE 4. Comparative action of enzymes of different organisms 
on cellulosic substrates 


= - : 
! | 


Substrate 2 QA ‘Streplomyces et 
Jumigatus | | verrucaria 
Ea : en _-|—— 
Cellodextrin from linter cellulose.|  67* | 170 | 210 
Alkali cellulose from linter cel- | | 
lulose... . ee | a 40 42 
Linter cellulose 10 10 | 10 
Cotton sliver, ground (40 mesh). 6 iW 6 
Solka Floe (purified wood cel- 
lulose). Pahoa ety ares 5 8 5 
Cotton silver, unground......... 3 ] 0 


* These relative values are obtained by setting the reducing 
sugar value of the linter cellulose hydrolysate at 10. A value of 
67 indicates that 6.7 times as much sugar was produced from 
cellodextrin as from the linter cellulose, under similar condi- 
tions, 
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CELLULOSE 


TIME-DAYS (SOLKA FLOC) mg/m 


Fic. 3. Hydrolysis of cellulose (Solka Floc) 

A. Effect of time, and of enzyme source. Enzyme solution 
changed every second day. Temperature ca 25 C, reciprocal 
shaker. Solka Floe concentration = 4 mg/ml. T.v. = Tricho- 
derma viride filtrate pH 4.5. M.v. = Myrothecium verrucaria 
filtrate pH 5.0. Solid lines = cumulative values. Dotted lines = 
per cent hydrolysis of the substrate present at the beginning 
of each two-day period. 

B. Kffect of cellulose concentration on total production of 
sugars, and on per cent conversion of cellulose to sugars. 
Trichoderma viride filtrate pH 4.5 25 C reciprocal shaker. 
Time 24 hrs. I. Production of reducing sugars (all glu- 
cose). II. Conversion of cellulose to glucose. 


dextrin, for example, is hydrolyzed 21 times as fast as 
linter cellulose by Myrothecium verrucaria filtrate, but 
only 7 times as fast by Aspergillus fumigatus. Solka 
Floc (a purified wood cellulose) is hydrolyzed 4 times as 
fast by filtrates of 7. viride as by those of M. verrucaria 
(figure 3A), but CMC and Walseth cellulose are more 
susceptible to the MW. verrucaria filtrates. The relative 
susceptibilities of various substrates to enzyme hy- 
drolysis have been used to characterize these enzymes 
and to aid in identification of the components of enzyme 
complexes. Another difference between filtrates is in the 
moisture regain values of residues from enzyme hydroly- 
sis (table 5). These do nct bear the expected relation- 
ship to the per cent loss during hydrolysis. Other dif- 
ferences in the action of filtrates from various sources 
with respect to differences in adsorptive properties, in 
temperature and pH optima, have been reported 
previously. 

Most current investigators have chosen M. verrucaria 
for their study of cellulolytic enzymes (Bultman and 
Leonard, 1954; Crook and Stone, 1953; Hash and 
King, 1954; Kooiman et al., 1953; and Whitaker, 1953). 


TaBLE 5. Moisture regain values of residues from 
enzyme hydrolysis 











| Moisture 
Filtrate Per cent Hydrolysis Regain on 
| | Residue 
on iene = | sa 2 ——— 
NT ST ae ec ieh a ge ae | 0 (63 hours) | 8.70 
Trichoderma viride QM | | 
RGF 5k ose tamntetes | 15 (63 hours) | 8.19 
Myrothecium  verrucaria | 
0 8 (63 and 72 hours) | 7.56 
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This is not a particularly fortunate choice. Trichoderma 
viride (QM 6a) produces filtrates which are much more 
active than those of MM. verrucaria against native 
cellulose, while filtrates of Penicillium pusillum (QM 
137g) can be obtained which are at least 10 times as 
active as those of V7. verrucaria against such substrates 
as CMC. Our own preference at this time is 7’. viride. 

Some experimental data on the extent of enzyme 
hydrolysis of native cellulose will show the limitations 
of the enzymatic process (figure 3B). With an uncon- 
centrated filtrate of 7. viride (one of our most active 
organisms), a substrate concentration (Solka Floc) of 
16 mg/ml yields 1.5 to 1.8 mg of glucose per ml in 24 
hours (10 per cent conversion). This is about the best 
yield that we can get from native cellulose. If maximum 
per cent conversion of cellulose to glucose is the goal 
desired, the conditions are reversed, that is, low con- 
centrations of cellulose (figure 3B) must be used. 

It is interesting to compare these yields with those 
obtained by Kitts and Underkofler (1954) using rumen 
organisms in an anaerobic fermentation. Unlike aerobic 
fungi, these rumen organisms do not liberate cellulase 
into the medium. Using the whole cultures to which an 
inhibitor has been added, the yields of glucose obtained 
are of a magnitude of 2.0 to 3.0 mg/ml, under con- 
ditions comparable to those with 7. viride (above). 
Using enzyme extracted from the rumen bacteria, the 
glucose yields from cellulose are very low, for example, 
0.2 mg/ml1/24 hrs. 

When cellulose (Solka Floc) is hydrolyzed over 
longer periods, replenishing the enzyme solution at two- 
day intervals, the rate of hydrolysis remains high (figure 
3A). In fact, based on the amount of substrate present, 
the rates follow a gradually ascending curve. Too much 
weight should not be placed upon this rise, however, in 
as much as (figure 3B) the per cent conversion is an 
inverse function of the substrate concentration (which 
was becoming less at each replacement of solution). 
The data tend to indicate that the substrate is essen- 
tially homogeneous. Similar results were obtained using 
cotton (ball milled) as the substrate. 

Modification of the cellulose can lead to a much more 
rapid production of reducing sugars by enzymes. The 
maximum yields have been 10 mg of glucose per ml 
per day from a 13 mg/ml suspension of Walseth cellu- 
lose (with maximum hydrolysis within the first few 
hours). It would appear that for any practical applica- 
tion involving the production of sugar, a preliminary 
chemical modification of the cellulose will be necessary. 


Future INVESTIGATIONS 
Increasing evidence of the complexity of the cellulase 
system requires that better methods be developed for 
the separation of closely related enzymes. Differences 
in adsorptive properties, in electrical charge, in solu- 
bility may all need to be employed to effect the desired 
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separation. Once the components have been isolated 
better means of characterizing them will have to pp 
developed. Current knowledge of the physical nature oj 
cellulose is rapidly increasing, but the chemical compo. 
sition seems to be taken too much for granted. |) 
particular what is required is a thorough investigation of 
minor components, and of minor deviations from the 
normal composition. Admittedly this is a difficult field, 
Rarely occurring linkages are hard to find. If 8 linkages 
are found occasionally in starch, why not a few 
linkages in cellulose? 

The enzymatic synthesis of dextran and of other 
polysaccharides will stimulate attempts to synthesize 
cellulose. Some of the work with the glucotransferases 
may have been aimed in this direction. We know 
almost nothing about cellulose synthesis in plants. A 
concerted attack on the problem, similar to that on 
dextran, would undoubtedly bear fruit. Unfortunately 
cellulose is so inexpensive that the incentive for such a 
program is lacking. 

Sometimes we go to the newspapers for our predic- 
tions. According to a report in the New York Times, 
by the year 2000, wood will be used only for food. If 
true, an appreciable role in the conversion will belong 
to microorganisms. The present use of yeasts in con- 
verting sulfite pulping waste into food seems to be 
expanding. Cellulose, too, can be converted into fungus 
tissue (at about a 50 per cent efficiency). But can such 
material be made appetizing to humans, that is, as an 
appreciable part of the diet? Or must we lose another 
sizeable fraction of the food value by converting it to 
animal tissue? The human diet depends heavily on 
starches. Can we convert cellulose into starch, or a 
starchlike food? If we can, then perhaps the prediction 
of the Times will come true. 
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For more than 20 years the use of media containing 
potassium cyanide (KCN) has been advocated in the 
study of enteric bacteria. Braun and Guggenheim 
(1932) and Braun (1938, 1939) noted that cultures of 
the Klebsiella-Aecrobacter group were able to grow in 
concentrations of KCN which inhibited Lscherichia 
coli. Buttiaux (1952) employed the medium of Braun 
in the study of 280 Salmonella cultures and 56 cultures 
of the Bethesda (Bethesda-Ballerup) group (Edwards, 
West and Bruner, 1948; Bruner, Edwards and Hopson, 
1949). The Bethesda-Ballerup group, as shown by 
West and Edwards (1954), is composed of cultures of 
Escherichia freundii which ferment lactose slowly or not 
at all and which, because of the similarity of biochemi- 
cal reactions, long have been confused with salmonellae. 
Buttiaux found that the Bethesda cultures grew readily 
in Braun’s medium whereas Salmonella were uniformly 
negative and the two groups could be distinguished 
with certainty within 24 hours. 

While the results obtained by Buttiaux represented a 
notable contribution to the differentiation of the bac- 
teria, the medium of Braun was time consuming in its 
preparation and was extremely unstable. It remained 
for Mgller (1954) to devise a medium which could be 
prepared more simply and which was more stable, 
being usable for two weeks according to the statement 
of the author. The results of Moller (1954) and of 
Kauffmann and Meller (1955) indicated that this 
medium yielded reliable results in the differentiation of 
enteric bacteria. 

So far as the routine use of KCN medium in the 
diagnostic laboratory was concerned, Mgller’s medium 
failed to fulfil only two requirements. The useful life of 
the medium was said to be only two weeks when stored 
at 4 C, and it contained ingredients not readily avail- 
able in this country. The purposes of the present in- 
vestigation were threefold: To test the action of 
Mgller’s medium on larger numbers of cultures than 
had hitherto been examined, particularly cultures of the 
Salmonella, Bethesda and Arizona groups; to determine 
the length of time the medium could be stored and to 
find a more stable cyanide which could be substituted 
for KCN; and to substitute a readily available peptone 
for the Danish peptone employed by Meller. 


MATERIALS AND METHODS 


KCN medium as employed by Moller was used in 
the investigation of 1981 cultures of the Salmonella, 
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Bethesda, and Arizona groups. The cultures composed 
the type strains of the three groups as well as addi- 
tional cultures of more frequently occurring serotypes, 
Among the Salmonella cultures tested were all of the 
presently recognized serotypes as well as at least 10 
cultures each of such well known types as S. paratyphi 
A, S. paratyphi B, S. typhimurium, S. montevideo, 8, 
oranienburg, S. cholerae-suis, S. newport, S. typhi, and 
so on. Adequate numbers of the various O groups and 
serotypes of the Bethesda and Arizona groups also were 
included in the study. 
The medium of Mgller was prepared as follows: 


ee CO So I a eee ae Ge arn ae ena 10 g 
SOMMLEIRIN DI EINNRES Foe ore cls Ss sists wie oe sais eS nla fis'e ids 5 g 
Potassium phosphate (monobasic) (anhydrous). . . ().225 g 
Potassium phosphate (dibasic). .................. 5.64 g 


SEIMEI NDING anes ters 5 ha ins Gina owe aioe eiot 1000s ml 
pH adjusted to 7.6 


The medium was autoclaved in flasks. Before use, 
1.5 ml of 0.5 per cent KCN solution was added to each 
100 ml of the chilled medium. The broth was distributed 
immediately into sterile 100 x 13 mm tubes in amounts 
of 1 ml, stoppered tightly with corks which had been 
soaked in hot paraffin, and stored at 4 C until used. 
The tubes were inoculated with a 2 mm loopful of a 
24-hour nutrient broth culture, incubated at 37 C, and 
observed for 4 days. 

After the above-mentioned cultures were tested in 
the medium of Moller, varying concentrations of dif- 
ferent peptones were substituted for the Orthana 
peptone used in the original medium and 50 cultures 
each of the Salmonella and Bethesda groups tested in 
each lot of medium. Various cyanides were tested for 
differential properties. The keeping qualities of Mogller’s 
medium stored at 4 C, 25 C, and 37 C were examined. 


RESULTS 


The results obtained with Mgller’s KCN medium are 
given in table 1. Of 900 Salmonella cultures tested only 
10, or 1.1 per cent, gave evidence of growth within a 
4-days observation period. Of these 10 cultures, 4 were 
stock strains of S. glostrup, S. senftenberg, S. sp. (Type 
dusseldorf), and S. kralendyk. The remaining 6 con- 
sisted of 1 culture each of S. paratyphi B, S. derby, S. 
oranienburg, S. montevideo, S. sp. (Type muenchen), 
and S. sp. (Type newington) among 458 cultures re- 
ceived for diagnosis which were tested in KCN medium 
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TaBLE 1. Results obtained with M@ller’s KCN medium 


Number | Number | Number 


Group 


Tested | Positive | Negative 
ae c aig Sea Reape. || Seiad 
SONS CAE EES | 900 | 10 890 
Bethesda....... | 580 574} 6 
Arizona......-. touaséseatesh aa 39 462 


With the exception of the type cultures of S. glostrup 
and S. kralendyk which invariably gave positive results 
with 24 or 48 hours in repeated tests, none of these 
Salmonella cultures yielded visible growth until the 
third or fourth day of incubation. On the contrary, all 
of the 574 Bethesda cultures which were positive in 
KCN medium displayed vigorous growth within 24 
hours. The 6 which failed to grow in 4 days were tested 
in the basic medium without KCN and grew vigorously. 
The biochemical and serological properties of these 6 
cultures were examined and they were found to be 
typical members of the Bethesda group. It is notable 
that of 4 strains of O group 22 (West and Edwards, 
1954) tested, 3 failed to grow. 

The results with Arizona cultures were not so clear- 
cut as those obtained with salmonellae and Bethesda 
strains although only 7.7 per cent of the 501 cultures 
tested gave growth in KCN. The majority of these 
grew within 24 hours although a few showed no visible 
growth until the third or fourth day of incubation. Of 
the 39 positive Arizona cultures, 22 were members of O 
group 21 (Edwards, West and Bruner, 1947). Only 1 
culture of O group 21 which was tested failed to grow. 
The remaining 17 positive Arizona cultures were scat- 
tered throughout a number of O groups. As in the case 
of the Salmonella and Bethesda cultures which gave 
aberrant results, the purity and identity of positive 
Arizona cultures were carefully controlled. 

Among the cyanides which were examined for pos- 
sible differential properties were potassium’ ferro- 
cyanide, potassium ferricyanide, methyl cyanide, benzo- 
cyanide, and silver cyanide. Sodium thiocyanate and 
sodium azide also were tested. Of these substances only 
silver cyanide was found to be of value in differentia- 
tion. When dissolved in 10 per cent sodium thiosulfate 
solution and added to Moller’s base in a final concen- 


TABLE 2. Growth of salmonellae in stored cyanide mediums 
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tration of 1 to 2200, silver cyanide gave results fully as 
reliable as those obtained with KCN when a large 
series of Salmonella and Bethesda cultures was tested. 
In order to compare the keeping qualities of the two 
mediums, tubes of each were stored at 4 C, 25 C, and 
37 C and inoculated with salmonellae at intervals. The 
results of these tests are given in table 2. It is evident 
that elevated storage temperatures lead to accelerated 
deterioration of the mediums and that there is little 
difference in the stability of mediums containing KCN 
and AgCN respectively. Further, it is apparent that 
Moller’s medium can be depended upon in the differen- 
tiation of salmonellae and Bethesda cultures after 
storage for 30 days. 

Since the Orthana peptone used by Meller is not 
readily available to American workers, the use of 
several domestic peptones was investigated. These 
substances were tested at different levels of concentra- 
tion with a series of 50 cultures each of the Salmonella 
and Bethesda groups. While several of these peptones 
gave results which were quite good, Bacto proteose 
peptone No. 3 seemed most satisfactory. Used in a 
concentration of 0.3 per cent this peptone supported 
excellent growth of Bethesda strains in KCN medium 
while salmonellae did not develop. When the peptone 
concentration was increased to 1 per cent an. occasional 
Salmonella culture gave doubtful results, a faint 
turbidity developed in the tubes after 3 or 4 days’ 
incubation. 

DIscussION 


It is axiomatic that any new test applied to a family 
of bacteria should be investigated in relation to all the 
groups or genera within the family. It usually is found 
that a given test is of greater practical value in the 
differentiation of certain of these groups than of others. 
Such is the case with the KCN test. Although Meller 
(1954) has demonstrated that the KCN test is of value 
in the differentiation of the several groups of enteric 
bacteria, it is obvious that the greatest value of the 
test lies in its application to the Salmonella, Arizona, 
and Bethesda groups. Hitherto it was not possible 
rapidly to distinguish these organisms by biochemical 
methods; whereas in other groups in which the KCN 








Storage Temperature 

















} 4C 25C 37 C 
Supplement | = ——ew. 
| Days of storage 
7 | » | ~ | o | 3 | 4 e|2]|mo{uile«fs | s | »] wo 
|| | | oot Fe PS BOA GAL ape Gees 
KCN* 0/20t; 0/20 | 0/20 | 0/20 | 7/95 | 0/20 | 2/20 | 1/20 1/20 | 1/20 | 0/20 | 2/20 | 8/95 22/95 | 52/95 
AgCNt 0/20 | 0/20 | 0/20 | 0/20 | 3/95 | 0/20 | 1/20 | 1/20 | 1/20 | 1/20 | 0/20 | 1/20 11/95 | 16/95 | 49/95 
| & ! | 





* Mgller’s medium supplemented with 1.5 ml. of 0.5 per cent KCN solution per 100 ml. 


+ AgCN dissolved in 10 per cent sodium thiosulfate solution and added to Mgller’s medium at a concentration of 1 to 2200. 


t Numerator, number of tubes showing growth; denominator, 


number of tubes inoculated. 
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test is helpful in differentiation, reliable differential 
tests previously were available. 

Further, it is obvious that the identity of a given 
organism should be judged by the pattern of its reac- 
tions in only a selected few. However, in the routine 
work of a diagnostic laboratory it often is necessary to 
use a minimal number of biochemical tests to eliminate 
an unknown organism as a member of a pathogenic 
group or to establish its identity as a probable pathogen. 
This need becomes acute in the study of enteric bacteria, 
in the identification of which large numbers of bio- 
chemical tests and prolonged observation may be re- 
quired. If a test can be devised which is practical and 
easily applied and which will differentiate accurately 
and rapidly two groups of bacteria which occur fre- 
quently and which otherwise are difficult to distinguish, 
it is of great value in the diagnostic laboratory. It is 
believed that the KCN test as modified by Moller 
fulfils such a need in the differentiation of salmonellae 
and those strains of . freundii which ferment lactose, 
sucrose, and salicin slowly or not at all (Bethesda- 
Ballerup group). It has been found in the present work 
that readily available materials may be used in the 
medium and that it can be stored for at least 30 days 
before it deteriorates. While Moller found that the 
medium was most effective in differentiation when one 
loopful of a fresh broth culture was used as inoculum, 
this is not a deterrent to its use in routine work. In 
most laboratories a suitable broth is inoculated for 
indol production. If, after overnight incubation, pre- 
liminary examination of biochemical reactions indicates 
that a culture in question may belong either to the 
salmonellae or to the Bethesda group, a tube of KCN 
medium may be inoculated from the broth culture 
which is to be used for the indol test. In this way the 
medium may be inserted into the usual series of bio- 
chemical tests when most needed without adding 
notably to the load of work performed. Obviously, it 
will be most useful in the study of those cultures which 
resemble salmonellae, but which fail to agglutinate in 
Salmonella serums. As judged by the cultures received 
in this laboratory as reference specimens, the organisms 
of the Bethesda group occur with great frequency both 
in normal and diseased persons and very often are 
confused with salmonellae. In view of this situation 


[von. 4 


the use of KCN medium for differentiation in the diag. 
nostic laboratory is strongly recommended. 


SUMMARY 


The KCN medium of Moller was used in the study 
of 1981 cultures of the Salmonella, Arizona and Be- 
thesda groups. Of 900 Salmonella cultures, only 10 
were able to grow in the medium and of these only 2 
developed within 48 hours. Of 580 Bethesda cultures, 
574 or 99 per cent grew within 24 hours. Among 501 
Arizona strains tested, 39 grew in the medium. Of the 
39 positive Arizona cultures 22 were members of one 0 
group. It was found that KCN medium could be 
stored safely for 30 days at 4 C and that domestic 
peptones could be used in its preparation. Its use in 
the diagnostic laboratory is recommended. 
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Although vitamin By can be assayed biologically 
with mice, chicks or rats, the microbiological method of 
assay is preferred since it is more rapid and economical. 
Qne serious shortcoming of many microbiological By 
assay procedures is the lack of specificity when crude 
materials are assayed. Crude materials can contain 
inhibitory or stimulatory factors which cause serious 
errors in assay results. 

One of the interfering substances in the microbiologi- 
cal assay of vitamin By with Lactobacillus leichmannii 
is pseudovitamin By. Pfiffner et al. (1951) isolated an 
organism from bovine rumen contents which produced 
a new form of vitamin By which was completely in- 
active for chicks, rats, and humans, but was active for 
L. leichmannii and Lactobacillus lactis var. Dorner. 
These workers crystallized two major red pigments from 
an anaerobic fermentation broth containing this rumen 
organism and named the pigments pseudovitamin By 
and pseudovitamin Bib. The chemical differences be- 
tween pseudovitamin Bi and vitamin By have been de- 
scribed (Dion et al., 1952; Pfiffner et al., 1952). Lewis et 
al. (1952) reported that a vitamin By analog which they 
designated vitamin Byf appeared to be identical with 
pseudovitamin By. Using paper chromatography in con- 
junction with a bioautographic technique, these workers 
found that vitamin Byf was present in the fecal matter 
of the rat, cow, sheep, pig, horse, chicken, guinea pig, 
and man. Sheep rumen contents were also a source 
of vitamin Bypf. No vitamin Byf was detected in rat or 
beef liver or in a sample of injectable liver extract. 

The experimental work described in this paper was 
conducted in an attempt to develop a simple microbio- 
logical procedure for detecting the presence of pseudo- 
vitamin By in crude samples. In addition, the applica- 
tion of the method in the differential quantitative 
assay of vitamin By and pseudovitamin By was also 
investigated. 

The observation by O. D. Bird (personal communica- 


‘Supported in part from funds granted to The Ohio State 
University by the Research Foundation for aid in fundamental 
research. 

2From a thesis submitted by D. Berman to the Graduate 
School of The Ohio State University in partial fulfillment of 
the requirements for the degree of Master of Science. 

5 Present address: Ohio Department of Agriculture Labora- 
tories, Reynoldsburg, Ohio. 
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tion, 1950) that pseudovitamin By was almost as 
potent as vitamin By for L. leichmannii 7830, but was 
much more active than vitamin By» for Lactobacillus 
acidophilus 832, was the basis for this work. 


MATERIALS AND METHODS 


The test organisms, Lactobacillus leichmannii strain 
ATCC 7830 and L. acidophilus strain ATCC 832 were 
carried in stock cultures using a tomato juice-yeast 
extract agar culture medium (A.O.A.C., 1953). The 
same medium minus agar was used for broth sub- 
cultures of the organisms. In preparing the inoculum 
for assays, 24-hour subcultures of the organisms were 
centrifuged and the cells washed three times with 
saline. The turbidity of the suspended cells was ad- 
justed to 70 per cent light transmission (Coleman 
Model 14 Spectrophotometer) for L. leichmannii and 
50 per cent transmission for L. acidophilus. One loop of 
the cell suspension was used to inoculate each assay 
tube. 

The assay medium for both organisms was a com- 
mercial vitamin By assay brotht (Pharmacopeia of the 
United States, 1951) supplemented with 400 yg of 
pantethine® per liter of double strength medium. Five 
ml of the double strength medium were added to each 
assay tube. The assay tubes were 16 x 20 mm and were 
graduated at 10 ml. The volume of each tube was ad- 
justed to 10 ml with water after the samples were added. 
The tubes were covered with glass caps and sterilized 
at 15 pounds pressure for 5 minutes. After cooling, the 
tubes were inoculated with a wire loop and then in- 
cubated for 20 hours at 37 C. Growth was determined 
turbidimetrically using a Coleman Spectrophotometer 
containing a PC-4 filter at a wave-length setting of 
650 mu. 

Samples were extracted with 0.1 N acetate buffer 
containing 1 per cent sodium bisulfite. In most experi- 
ments a trace of cyanide was also added to prevent the 
conversion of vitamin By» to Bya. The assay results on 
crude samples were the same in the presence or absence 
of cyanide. After autoclaving at 15 pounds pressure for 
20 min, the sample was adjusted to pH 6, brought to 


4 Difco Bacto-B,. Assay Medium USP, dehydrated. 
5 Kindly supplied by Dr. O. D. Bird, Parke, Davis and 
Co., Detroit, Michigan. 
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TABLE 1. The growth of Lactobacillus leichmannii and Lacto- 
bacillus acidophilus in Difco medium with and without 
added pantethine* 





| No Pantethine | Plus Pantethine* 


Organism |Vitamin Bie per Tube| a 
| Light ; Light 2 
| transmission transmission 
mpg per cent per cent 
L. leichmannii 0.0 100.0 100.0 
0.04 67.0 67.0 
0.08 45.5 42.5 
0.12 35.5 36.5 
0.20 27.5 25.0 
L. acidophilus 0.0 100.0 100.0 
0.4 93.5 69.5 
0.8 100.0 54.0 
1.2 100.0 41.5 
1.6 98.0 34.5 





* Four hundred ug of pantethine added per liter of double 
strength medium. 
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Fig. 1. The growth response of Lactobacillus leichmannii 
ATCC 7830 to vitamin Bye and pseudovitamin By. 


a convenient volume, filtered and the filtrates assayed. 
Four or more levels of each sample were used in an 
assay. Duplicate tubes were used for each level of 
sample. None of the samples assayed contained ap- 
preciable alkali-stable activity, thus indicating the 
absence of desoxyribosides. 

Crystalline vitamin By*° was used as a standard in 
the range of 0.01 to 0.8 millimicrograms per tube for 
L. leichmannii, and from 0.05 to 2.0 millimicrograms 
for L. acidophilus. Crystalline pseudovitamin B,? was 
used in the range of 0.04 to 1.2 and 0.02 to 0.2 milli- 
micrograms per tube for L. leichmannii and L. acidoph- 
ilus respectively. 


RESULTS AND DIscussION 


In order to employ L. leichmannii and L. acidophilus 
in a differential assay to detect pseudovitamin By, it 
was deemed advisable to first find a convenient assay 


6 Kindly supplied by Dr. E. L. R. Stokstad, Lederle Labs. 
Pearl River, New York 

7 Kindly supplied by Dr. J. J. Pfiffner, Parke, Davis and 
Co., Detroit, Michigan 
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Fig. 2. The growth response of Lactobacillus acidophilus 
ATCC 832 to vitamin By. and pseudovitamin By. 


medium which would support growth of both or- 
ganisms. 

The Difco medium was found to be a satisfactory 
assay medium for L. leichmannii; however, L. acidoph- 
tlus would not grow in this medium unless pantethine 
was added. Table 1 shows that the Difco medium 
supported good growth of L. acidophilus when supple- 
mented with pantethine. The addition of pantethine 
had no effect on the response of L. leichmannii to 
vitamin By. 

Repeated assays were conducted in which the relative 
potency of vitamin By and pseudovitamin By was 
determined for both test organisms. The results of two 
typical assays are shown in figures 1 and 2. The average 
of a number of assays showed that pseudovitamin By 
was 0.66 as active as vitamin By for L. leichmannii. This 
agrees with the potency of 0.7 observed by Pfiffner 
et al. (1954). In the L. acidophilus assay, pseudovitamin 
By was 3.3 times as active as vitamin By. 

Using crystalline vitamin By» as a standard, mixtures 
of crystalline vitamin By and crystalline pseudovitamin 
Biz were assayed with both organisms to learn if there 
was any interaction between the two analogs. The 
results of these assays are shown in table 2. The experi- 
mental activity of the mixtures was in good agreement 
with the calculated theoretical activity. The method of 
‘alculation using the factors 0.66 and 3.3 for the 
potency of pseudovitamin By is shown at the bottom 
of table 2. 

Based on these results, it is obvious that a sample 
containing only vitamin By would yield identical assay 
results with either L. leichmannii or L. acidophilus. If 
the sample contained pseudovitamin By as well as 
vitamin By, the L. acidophilus assay would give a 
higher value since pseudovitamin By is 3.3 times as 
active as By» for L. acidophilus. If we let x equal the 
vitamin By content, then « + 0.66y would equal the 
assay value obtained using L. leichmannii and x + 
3.3y would equal the assay values obtained using 
L. acidophilus. Thus we have two equations and two 
unknowns which can be solved simultaneously to de- 
termine the vitamin By and pseudovitamin B,». content 
of the sample. 
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TaBLe 2. Microbiological assay of mixtures containing crystal- 
line vitamin By, and pseudovitamin By» 


Composition of 


Mixture ‘ " P . 
| Theo- Experi- [Per Cent 
Assay Organism 7 retical | mental | of Theo- 
Vitami Pseudo- |Activity*|Activityt| retical 
itamin| |: * | 
Bis vitamin | 
“4 Biz 
mug mug mpg mug 


Lactobacillus leichman- | 
ni (Typical assay). .; 0.05 | 0.030 | 0.070 | 0.066 | 95 
Avg of 4 experiments involving 20 


mixtures, 90. Range, 85-97. 


Lactobacillus acidophi- | 
lus (Typical assay) 0.10 | 0.029 | 0.20 | 0.21 105 
Avg of 4 experiments involving 28 
mixtures, 98. Range, 92-104. 








*For L. leichmannii theoretical activity was calculated 
using the factor of 0.66 as the potency of pseudovitamin By2. 
That is, Bie in mixture + (0.66) X (pseudovitamin By: in 
mixture) = theoretical By. activity. For L. acidophilus theo- 
retical activity was calculated using the factor 3.3 as the 
potency of pseudovitamin By. That is, By. in mixture + (3.3) 
X (pseudovitamin Bys in mixture) = theoretical By»2 activity. 
+ Experimental By. activity was determined by assaying 
the mixture using crystalline vitamin By, as the standard. 


To test the accuracy of the above calculations, an 
unknown mixture of the crystalline vitamins was pre- 
pared and assayed with both microorganisms. The 
unknown mixture contained 3.0 millimicrograms of 
vitamin By and 0.47 millimicrograms of pseudovitamin 
Bi per ml. The average results of 4 assays calculated 
by use of simultaneous equations showed that the un- 
known mixture contained 3.12 millimicrograms of 
vitamin By and 0.423 millimicrograms of pseudovitamin 
By per ml. The experimental data was 104 per cent of 
theoretical for vitamin By, and 90 per cent of theoretical 
for pseudovitamin By. 

The results obtained from the of various 
samples are presented in table 3. Liver and kidney 
samples and vitamin By supplement #2 appear to 
contain only vitamin By; fish solubles, rabbit feces and 
chick droppings contain appreciable amounts of non-B» 
activity. Vitamin Bi supplement #1 may contain a 
small quantity of non-By activity. These results are in 
good agreement with the distribution of By analogs 
reported by other workers (Lewis et al., 1952; Coates 
et al., 1953). 

Assuming that vitamin By and pseudovitamin Bi 
are the only two growth stimulatory factors present in 
fish solubles, rabbit feces and chick droppings, the con- 
centration of both of these vitamins can be calculated 
using the simultaneous equations mentioned previously. 
The results of such theoretical calculations showed the 
following vitamin content per g: fish solubles ¥* 1, 0.26 
ug of By and 0.17 ug of pseudovitamin By; fish solubles 
*2, 0.23 wg of By and 0.095 ug of pseudovitamin By; 
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TABLE 3. Microbiological assay of various materials with Lacto- 
bacillus leichmannii and Lactobacillus acidophilus 





| Avg. Bie Activity | ene 
| Se | Pseudovitamin 








Sample a ; |, Biz or Other 
| z. L. |Analogs Present 
| leichmannii | acidophilus | 
| m/e | e/g | 

Lyophilized beef liver....... | 2.4] 222 No 
Lyophilized beef kidney... .. | 0.85 0.89 No 
Fresh chick liver............ | 0.13 0.14 | No 
Fresh chick kidney..........| 0.14 0.14 | No 
Fish solubles #1*........... | 0.37 | 0.83 | Yes 
Fish solubles *2*........... | 0.29 0.54 Yes 
Vitamin B,. feed supplement | 

sage ate pee peor dtctenera cscs | 11.50 14.20 | ? 
Vitamin B,, feed supplement | | 

RE eae | 2.53 | 2.40 | No 
Rabbit foous.........<.-+++: | 0.31 | 1.40 | Yes 
Fresh chick droppings{..... .| | 0.30 Yes 


0.07 





* These samples were stored at room temperature for several 
months before they were assayed. 

+ Obtained from vitamin Bj. deficient chicks which were 5 
weeks old. 


chick droppings, 0.013 ug of By and 0.087 ug of pseudo- 
vitamin By. 

The reports of Holdsworth (1953) and Ford and 
Porter (1953) show that crude products such as feces 
contain By analogs called Factors A, B, and C in 
addition to pseudovitamin By». The presence of numer- 
ous analogs of By in natural products and the difference 
in microbiological potency of these analogs makes it 
very unlikely that the differential assay procedure de- 
scribed in this paper is applicable to quantitative assays 
of crude samples. 

Discussion 

The detection of non-B, activity in crude samples 
appears to be possible by means of assaying the sample 
with the two test organisms using the method described 
here. This method involves one medium and that 
medium can be obtained commercially. The method is 
therefore more simple than the chromatographic and 
bioautographic procedures of Lewis et al. (1952) or 
the microbiological procedures used by Coates et al. 
(1953). 

The use of the quantitative differential assay pro- 
cedure is satisfactory when using pure mixtures of 
vitamin By and pseudovitamin By, but is probably 
not valid for crude products since they may contain 
additional Bi: analogs. 

Ford (1953) developed a microbiological By assay 
which he reported to be specific for vitamin By. The 
procedure employes the organism Ochromonas mal- 
hamensis in a 72-hour assay at 29 C with constant 
shaking during the incubation period. The procedure 
outlined in this paper for the detection of non-By 
activity in crude samples might have application in the 

rapid screening of a large number of samples. Those 





me 
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samples which show higher values with L. acidophilus, 
thus indicating the presence of non-By activity, could 
then be reassayed using the more tedious method 
employing Ochromonas malhamensis. 

The presence of non-By activity in samples of fish 
solubles is of interest since fish solubles are used com- 
mercially as a source of vitamin By in animal feeds. 
Fish solubles are stored in large tanks without  re- 
frigeration and it is quite possible that the By analogs 
are synthesized by microorganisms which contaminate 
this product. 
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SUMMARY 

A simple microbiological procedure is described for 
the detection of pseudovitamin By and other non-Bys 
activity in crude samples. The method employs a dif- 
ferential assay using Lactobacillus leichmannii 7830 
and Lactobacillus acidophilus 832 as the test organisms. 

Using this method it appeared that lyophilized beef 
liver, lyophilized beef kidney, fresh chick liver, and 
fresh chick kidney contained only vitamin By. Fish 
solubles, rabbit feces and fresh chick droppings con- 
tained appreciable amounts of non-By activity. 

The differential assay procedure was quantitative 
when mixtures of pure vitamin By and pseudovitamin 
Bi. were assayed, but was probably not quantitative 
for crude samples due to the presence of other vitamin 
By analogs. 
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The killing of bacterial cells by chemical agents may 
be considered as the resultant of a reaction between two 
systems, the cells and their suspending medium and the 
germicide and its solvent. The method for testing 
sanitizing agents proposed by Weber and Black (1948) 
allows evaluation, on the basis of the two systems, of 
factors such as ions present in the suspending or dilut- 
ing medium, organic matter, time, temperature and the 
bacterial cell itself, that may influence the killing of the 
test organism. This method, therefore, was used in the 
experiments here reported. 


MATERIALS AND MetTHops 


Briefly, the method consists of the preparation of the 
two systems, test cells and antibacterial agent, at twice 
the concentration at which they will be used in the 
test. Mixing of equal volumes of each system results in a 
“medication mixture” from which aliquots are removed 
at various intervals for determination of the number of 
cells surviving the various periods of exposure to the 
antibacterial agent. The number of cells exposed is 
determined by averaging plate counts on diluted ali- 
quots of the stock suspension of cells at the start and 
end of the test. 

The number of cells surviving exposure to the 
germicide is determined by diluting a 1-ml sample of 
the medication mixture with 9 ml of inactivator (2.222 
g lecithin, 15.6 ml tween-80 per liter of M/4 phosphate 
buffer pH 7.2) and making pour plates of 1-ml portions 
of this and a further 1:10 dilution in tryptose glucose 
extract agar. Incubation is for 48 hours at 37 C. Killing 
of all the exposed cells is considered to have occurred 
when at least 99.9999 per cent of the inoculum has been 
made nonviable. 

The effect of calcium and magnesium (hardness), 
iron, aluminum, natural waters, organic matter, the 
bacteria themselves, time and temperature on the 
killing action of the quaternary ammonium germicide, 
benzalkonium chloride, was studied. All bactericidal 
determinations were made at concentrations of 200 
ppm (1:5000 dilution) of the germicide in duplicate at 
20 C, except where the effect of temperature was in- 
vestigated. 

Synthetic hard water was prepared by dissolving 
28.41 g CaCl and 12.99 g Mg Clh-6H.O in 10 L 
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distilled water. This stock solution, 3200 ppm hardness 
as CaCQO;, was appropriately diluted to give the de- 
sired hardness. In determining the effect of organic 
matter a synthetic dirty water devised by Allport 
(personal communication) was used. This is based 
upon the analysis of water in which the eating utensils 
in an industrial canteen had been washed and consists 
of: NaCl 0.05 per cent; peptone 0.05 per cent; glucose 
0.08 per cent; dried skimmed milk 0.05 per cent; corn 
starch 0.03 per cent; teaseed oil, 0.15 per cent. 

The test culture, Escherichia coli * 198! was main- 
tained on the nutrient agar prescribed for this purpose 
in the United States Department of Agriculture circular 
(U.S.D.A., 1931). In studying the susceptibility of the 
organism this medium was altered by substituting 
other peptones for the peptonum siccum called for in 
Circular 198. 

Effect of calcium and magnesium. Hard water has been 
reported by Ridenour and Armbruster (1948), Mueller 
and Seeley (1948), and Seeley (1949) as adversely 
affecting the germicidal powers of quaternary am- 
monium compounds, the reduction in activity being 
roughly proportional to the hardness of the water used 
in the test. Several experiments, the results of which 
are presented in table 1, were conducted to determine 
what the effect of 450 ppm hardness on the germicidal 
action of benzalkonium chloride might be. In these 
experiments, the two systems comprising the reaction 
mixture were prepared with synthetic hard water, and 
the number of cells surviving exposure to the germicide 
for 30, 60 and 120 seconds determined. To obviate 
repetition of essentially identical results only three of 
the control tests have been included in the tabulation. 
It will be seen that in the control tests all the exposed 
cells were killed on exposure to 200 ppm of the germicide 
whereas among the eight tests carried out in the 
presence of 450 ppm hardness there were four in which 
less than 99.9999 per cent of the exposed cells were 
killed within 30 seconds’ exposure. In these four tests, 
however, the number of cells per cc killed ranged from 
75,488,220 (out of 75.5 million) to 167,149,285 (out of 
167.15 million exposed). On two minutes’ exposure all 
exposed cells were killed in every instance. These 


1 Obtained from Dr. L. A. Black, U. S. Public Health Ser- 
vice, Cincinnati, Ohio. 
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TABLE 1. Germicidal action of 200 ppm benzalkonium chloride 
in 450 ppm synthetic hard water on Escherichia coli 198 
at 26 C 


Number Cells 


Hara. | Cells oa Per cent Cells Killed on Exposure 
pene | COX ml 
<1 |—— = ———. 
30 sec | 60 sec 120 | 30 sec 60 sec 120 sec 
| | sec 
ppm 
0 | 81 10 0 0 99 .99999) 100 100 
0 | 87 0 0 0 | 100 100 100 
0 (152.3 0 0 0 | 100 100 100 
450 | 75.5 |11780 |5260 | 0 99 . 9864 99.9930 | 100 
450 | 81 10 0 0 | 99.99999) 100 100 
450 | 81 40 0 0 99 .99995, 100 100 
450 | 87 | 100 0 | 0 99 .99989 100 100 
450 | 87 0 0 0 | 100 100 100 
450 |148.75 105 0, 0 99 .99992) 100 100 


450 152.3 | 275 2915 | 60 
450 |167.15 715 | 30) 0 


99 .99982 
99 .99968 


99 .99808 99.99996 
9999998) 100 


TaBLe 2. Effect of hardness in each system on the germicidal 
action of 200 ppm benzalkonium chloride on Escherichia coli 
198 at 25 C 





atinees ee 
Cell system —" a 30 sec 60 sec 120 sec 

ppm ppm ppm 

0 0 0 0 0 0 

0 0 0 0 0 0 

0 600 300 0 0 

0 600 300 10 0 0 
600 0 300 134,400 | 128,000 4,825 
600 0 300 TNCTt 89 ,600 510 
300 300 300 121,600 | 80,000 | 30,000 
300 300 300 147,200 | 38,000 | 11,000 








* Medication mixture contained 93 X 10° cells per ml. 
+ Too numerous to count. 


results clearly show that the effect of the calcium and 
magnesium ions necessary to produce the 450 ppm 
hardness is not a reduction in the germicidal property 
of the quaternary but a three- to fourfold prolongation 
of the time required to kill all of the exposed cells. 

In the above experiments, the harness was present 
in both of the two systems of the reaction mixture. A 
reaction mixture of any degree of hardness in which 
the hardness is confined to one of the systems (up to 
the time of mixing the two) may be prepared by using 
water of twice the desired final hardness for one system 
and an equal volume of distilled water for the other. 
By employing this procedure, it would be possible to 
demonstrate the effect of calcium and magnesium ions 
on the two systems of the reaction mixture. 

Cell systems were prepared in water of 300 and 600 
ppm hardness and in distilled water. Appropriate mix- 
ing of the systems resulted in reaction mixtures con- 
taining 330 ppm hardness, one having the hardness in 
the cell system, another in the germicide system and 
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the third in both systems. Control tests were conducte 
in distilled water. The results of these experiments ar 
presented in table 2. 

It will be noted that where the germicide systey 
contributed all of the hardness present in the reaction 
mixture, all of the exposed cells were killed on 3 
seconds’ exposure regardless of the hardness of the rege. 
tion mixture. However, wherever the cell system had 
been prepared in hard water, the number of cells sur. 
viving a two-minute exposure was large. These results 
show that the effect of Ca++ and Mg*+ is exerted upon 
the cells, not upon the germicide. Furthermore, in view 
of the results of this and the previously mentioned ex. 
periments, the effect of Ca++ and Mgt+ upon the cells 
is transient; increasing the period of exposure results 
in the killing of all the exposed cells. 

Effect of iron. Mueller and Seeley (1948) and Seeley 
(1949) reported that iron exerted a deleterious effect 
upon the germicidal action of the quaternary an- 
monium compounds. The amounts of iron used by 
these authors, however, were large compared to the 
concentrations found in most municipal, or for that 
matter private, water supplies. Accordingly, the germi- 
cidal action of benzalkonium chloride was studied in 
the presence of more realistic concentrations of iron, 
although the concentrations employed were still in 
excess of those considered unobjectionable in a water 
supply. 

The action of iron on each of the two systems of the 
reaction mixture was investigated by the addition of 
appropriate amounts of ferrous sulfate to the distilled 
water used in preparing them. The fact that the 
majority of the simple salts of iron are insoluble and 
those that are soluble are acid in reaction, complicates 
the evaluation of the effect of this ion on the germicidal 
action of benzalkonium chloride, particularly when it is 
remembered that the quaternary ammonium germi- 
cides are more active in an alkaline than acid men- 
struum. The acidity imparted to the reaction mixture 
by the ferrous sulfate-was controlled, in one series of 
experiments, by the addition of 75 ppm bicarbonate to 
the distilled water used in preparation of the germicide 
system. In another series of experiments the reaction 
mixture was allowed to develop a pH dependent upon 
the concentration of ferrous sulfate present. The results 
of these experiments are given in table 3, and demon- 
strate that iron, at a concentration of 5 ppm or less and 
at pH 5 or above, shows no demonstrable effect upon 
the killing action of benzalkonium chloride for E. coli 
regardless of whether it be in the germicide or cell 
systems. 


Water supplies containing iron usually possess some 
hardness. The concomitant effect of these three ions on 
the killing action of benzalkonium chloride was investi- 
gated in experiments employing water of 450 ppm 
hardness and various concentrations of iron in both 
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fapLe 3. Effect of iron and pH on the germicidal action of 200 
ppm benzalkonium chloride on Escherichia coli 198 at 25 C 


Ppm Iron in No. Cells Surviving Exposure to Germicide 


Cell Geni ‘Reaction Buffered® - — ad 
System system | mixture pHt 30 sec | 60 sec pHt 130 sec | 60 sec 
| | | 
o9| 0 | 0 7.7 | 2 | 0|66]0]| 0 
| 3 l 7.4 0 10 | 6.3 | o | @ 
0 5 | 2.5 | 7.0 0 0 | 60 | 0 0 
0 10 5 6.8 85 10 | 4.9 0 0 
9 0 l 7.4 0 0 | 6.4 0 0 
5| 0|25 |72] 0] 0] 6510] oO 
o| 0| 8 6.9 | 25 | 10 | 5.3 | 5 | 10 


* Reaction mixture contained 94.43 X 10° cells per ml. 
+ Reaction mixture contained 77.44 X 10° cells per ml. 
t Of reaction mixture. 


systems of the tests. In one series of tests the acidity of 
the reaction mixture was partially controlled by the 
addition of sodium bicarbonate to give a final bicar- 
bonate concentration of 37.5 ppm; in another series no 
control of pH was attempted. The results of these 
experiments are given in table 4. 

In the tests conducted at an alkaline pH and in the 
presence of iron all cells exposed to the germicide were 
killed within one minute; where only hardness was 
present an exposure of three minutes was required. 
These tests are in striking agreement with the results 
reported in table 1 and demonstrate that in the presence 
of 450 ppm hardness at an alkaline pH iron in a con- 
centration of 5 ppm or less does not effect the killing 
action of benzalkonium chloride for FE. colt. In the series 
of tests containing no bicarbonate the pH of the reac- 
tion mixture was dependent upon the amount of iron 
salt present. At concentrations of iron sufficiently low 
to result in a pH above 6 a delay in the time required to 
kill all the exposed cells was observed, similar to that 
seen with hard water. At higher concentrations of iron 
and the resultant decrease in pH, a more pronounced 
delay in the killing of the exposed cells occurred. This 
increase in the delay in killing all the exposed cells is a 
pH effect as shown by the buffered tests. 

In view of the results obtained in distilled and hard 
water with iron it is apparent that this ion, in concen- 
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trations up to 5 ppm, is without effect upon the germi- 
cidal action of benzalkonium chloride for F. coli. 

Effect of aluminum. Experiments similar to those used 
to study the effect of iron were conducted. Hardness 
was present in either or both of the systems, the result- 
ing reaction mixture having a hardness of 450 ppm in 
all cases except where distilled water was used in both 
systems. Aluminum, when used, was added to the 
germicide system at 10 ppm, resulting, when diluted 
with the cell system, in a reaction mixture containing 
5 ppm Al*++. One series of tests was conducted in the 
presence of 75 ppm bicarbonate (added to both sys- 
tems); in another series the pH was uncontrolled. The 
results of these tests are presented in table 5. 

Aluminum, in an alkaline environment, has no effect 
upon the germicidal action of benzalkonium chloride; 
in an acid menstruum, however, it markedly delays the 
killing action of the germicide. At pH 6.6 with no 
aluminum present, all cells were promptly killed by the 
benzalkonium chloride; at 6.7 in the presence of 
aluminum an insufficient number of the exposed cells 
were killed to permit the counting of those surviving 
the germicide. 

Effect of natural waters. It should be borne in mind 
that the synthetic hard water used in the experiments 
herein reported did not, of necessity, contain those 
constituents and/or contaminants, some known, others 
not, that characterize a natural water; it resembled a 
natural hard water only in that it contained calcium 
and magnesium. To assay the effect of natural water 
upon the germicidal action of benzalkonium chloride a 
well water of 328 ppm hardness and Rensselaer tap 
water (56 ppm hardness) were used. The results of two 
tests on these waters are shown in table 6, where it will 
be seen that a delay in the killing of all the cells exposed 
to the germicide occurred with both waters, but the 
exposed cells were all killed on 3 minutes’ exposure. 
Furthermore, the most pronounced delay, as measured 
by the number of cells surviving 30 seconds’ exposure to 
the quaternary, occurred in the less hard Rensselaer 
tap water, demonstrating that the constituent causing 
the delay is not hardness. The nature of the interfering 
constituent (or contaminant) has not been identified. 


Tasie 4. Effect of iron and pH in hard water on the germicidal action of 200 ppm benzalkonium chloride on Escherichia coli 198 at 25 C 





Reaction Mixture* 


No. Cells Surviving Exposure to Germicide 








* Reaction mixture contained 75.75 X 10°® cells per ml 











Buffered | Unbuffered 
Hardness Iron — ‘ ————————— ———— ——— ; 
pH 30 sec | 60sec | 120 sec pH 30 sec ; 60sec | 120 sec 
ppm ppm | | | 
0 0 7.1 0 ee a OR he 4 0 0 0 
450 0 8.0 11780 5260 | 0 6.8 4920 3515 | 95 
450 1 8.0 20 0 | 0 6.1 | 2650 180 60 
450 2.5 7.8 1310 ee | 0 | 4.6 140, 800 36,800 | 720 
450 5 034 10 0 0 3.9 TNC TNC TNC 
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TABLE 5. Effect of aluminum and pH in hard water on the germicidal action of 200 ppm benzalkonium chloride on Escherichia coli 198 
at 25C 
Hardness No. Cells Surviving Exposure to Germicide* 
a . Alt++ Buffered Unbuffered 
Cell apstem | Gormicide | Reaction — | 
pH 30 sec 60 sec 120sec | pH 30 sec 60 sec 120 sec 
ppm | ppm | ppm hm 7 
0 0 0 0 ae 0 0 0 | 6.6 0) 0 0 
900 0 450 0 8.7 115 0 0 | 8.35 115 0 0 
0 900 450 0 7.6 10 0 0 6.6 365 0 0) 
450 | 450 450 0 8.4 10 0 0 7.5 40 0 0 
0 0 0 5 7.2 0 0 0 4. TNC TNC TNC 
900 0 450 5 8.0 1180 20 0 6.6 TNC TNC TNC 
0 900 450 5 7.15 485 10 40 4.2 TNC TNC TNC 
450 450 450 5 7.8 30 0 0 6.7 TNC TNC TNC 


* Medication mixture contained 81.6 X 10° cells per ml. 


TaBLeE 6. Effect of two natural waters on the germicidal action 
of 200 ppm benzalkonium chloride on Escherichia coli 198 


at 25 C 
, | Hardness Number of Cells Surviving Exposure Number 
ieee ot | Reaction : cells “1 
| Mixture | 30sec | 60sec | 120sec | 180sec | % 10° 
ppm 
Distilled... 0 0 0 0 - 186 
Distilled... 0 0 0 0 - 115 
Rensselaer.) 56 TNC | 52000 140 0 186 
Well. ..... 328 8100 103 120 0 186 
Rensselaer. 56 76800 5500 0 0 115 


Well. . .| 328 


38400 | 11910 30 0 124 


Although what this constituent may be is as yet un- 
known, the results presented in table 7 show that it 
acts primarily upon the cell system. In these experi- 
ments the reaction mixtures were composed of (a) cell 
and germicide system in Rensselaer tap water; (b) 
cell system in Rensselaer tap water, germicide in buf- 
fered distilled water; (c) germicide in Rensselaer tap 
water, cell system in buffered distilled water and, (d) 
both systems in buffered distilled water. Where the 
cell systems contained Rensselaer tap water a marked 
delay in the killing of all the cells occurred and was most 
pronounced where both systems of the test were pre- 
pared in Rensselaer tap water. 


TABLE 7. Effect of Rensselaer tap water in each system on the germicidal action of 200 ppm benzalkonium chloride on Escherichia coli 
198 at 25 C 








System Number of Cells Surviving Exposure* Per cent Cells Killed on Exposure 
a Cell ‘” Germicide me 30 me 60 oe : - ~ 120 sec 30 sec 7 0 sec | ; 120 sec 
BDWt BDW 10 0 0 99.9999 100 100 
RTt RT TNC§ 4860 1845 — 99.9943 99.999 
RT BDW 7560 2400 10 99.9912 99.9972 99.9999 
BDW RT 440 180 30 99.9995 99.9999 





* Medication mixture contained 85.8 X 108 cells per ml. 
+ BDW: Buffered distilled water. 

t RT: Rensselaer tap. 

§ TNC: Too numerous to count. 








Lffect of organic matter. The germicidal action of 
benzalkonium chloride, in common with many other 
germicides, is adversely affected by organic matter, 
The Allport synthetic dirty water, containing 3980 
ppm total solids, was used as a source of organic matter 
in the experiments designed to study this effect. In ex- 
periments using organic matter in but one of the systems 
a double strength (7960 ppm) Allport water was em- 
ployed. Addition of the second system prepared in 
distilled water then gave a medication mixture con- 
taining the standard 3980 ppm total solids of the All- 
port formula. Experiments were conducted at both 25 
and 45 C; the results are summarized in table 8. 

At 45 C organic matter had no effect upon the germi- 
cidal action of benzalkonium chloride, practically all 
the exposed cells being killed by 30 seconds’ exposure to 
the quaternary. At 25 C, however, organic matter 
caused a prolongation of the time required for the 
killing of all the cells. This prolongation was most pro- 
nounced when the organic matter had been added to 
the germicide system, thus indicating that the action 
of organic matter is not on the cells, as is the case with 
calcium and magnesium ions and natural waters, but 
upon the germicide. “Furthermore, the attenuating 
action of the organic matter can be negated by a tem- 
perature of 45 C. 


99.9998 
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TapLE 8. Effect of organic matter in each system on the germi- 
cidal action of 200 ppm benzalkonium chloride on Escherichia 
coli 198 at 25 C and 45 C 





Organic Matter | Number of Cells Surviving Exposure* 











Sea ere (ae 25 C 45 C 

Cell Germicide | Reaction 134 | Se 2 ee 
systent — sone ae 60sec | 30sec | 60 sec 
ee 

0 0 0 0 o0 | o| 0 
AT A A TNCT| 340 | 20) | 0 

0 2A A TNC TNC | 30 | 0O 
2At 0 A 2080 | 280 | 140 | 0 


| 





* Medication mixture for 25 C tests contained 141.4 X 10° 
cells per ml; for 45 C, 164.5 X 10° per ml. 

;2A: Double strength Allport dirty water; A = regular 
strength. 

t Too numerous to count. 


If calcium and magnesium as well as organic matter 
were present in the reaction mixture, a more pronounced 
effect upon the germicidal action might be expected. 
Under these circumstances, interfering substances, one 
acting upon the cells, the other upon the germicide, 
would be present. The experimental results shown in 
table 9 demonstrate this to be the case. At 25 C so 
many cells survived a one-minute exposure to the 
benzalkonium chloride they could not be counted; at 
45 C the number surviving the same exposure period 
ranged from 32,950 to 340 out of 96.7 million. The 
greatest number of cells were killed in the reaction 
mixture prepared with the cell system containing the 
organic matter. 

Effect of peptone. Those factors discussed above that 
influence the time required to kill all the cells exposed 
to benzalkonium chloride have been extrinsic, acting 
upon cells maintained as closely as possible in a constant 
(or “standard’’) condition by controlling the medium 
upon which they were grown and scrupulous adherence 
to the transfer and incubation routine prescribed in the 
Weber and Black procedure. Such organisms may be 
considered as possessing attributes conserved, if not 
induced, by the management they receive in the labora- 
tory. Under certain specifie conditions, the resistance 
of these cells to benzalkonium chloride, as shown by a 
prolongation of the time required to kill all of them, is 
one of the attributes of these cells. 

It can be demonstrated that this attribute of relative 
resistance is induced by the medium upon which the 
cells are grown. This was done by preparing media that 
differed from that called for in the Weber and Black 
procedure only in the peptone used. Bactopeptone, 
casitone, neopeptone, phytone, polypeptone, proteose 
peptone, proteose peptone * 2, thiotone, tryptone, the 
peptones sold by British Drug House, Evans, Gurrs, 
Oxo, and, for comparison, peptonum siccum were em- 
ployed. These media were inoculated with EF. coli 198 
grown on the medium routinely used for the production 
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TABLE 9. Effect of organic matter and hardness in each system 
on the germicidal action of 200 ppm benzalkonium chloride 
on Escherichia coli 198 at 25 C and 45 C 























| aK | 
Pll | — Reac- | Number of Cells Surviving Exposure 
| Bn : ss 
| | | Mixture faR = 
o | Hard- | S | Hard- ard- me er 
3 | ness ia i a Te MGiE sO Ce 
> | | = | 30 sec 60 sec 30sec | 60sec 
| ppm | | ppm | ppm | 2S 
A* | 300 | A | 300 | 3007 | TNCt | TNC | 51,635 | 32,950 
D§ | 0} A | 600 | 3009 | TNC TNC | TNC | 1,820 
A |600|D| 0|300t| TNC | TNC | 5,567| 340 
| | 





* A = Regular Allport dirty water. 

7 Medication mixture contained 96.7 X 10° cells per ml. 
t Too numerous to count. 

§ D = Allport dirty water, double strength. 

{ Medication mixture contained 141.4 X 10° cells per ml. 


TABLE 10. Effect of peptone on the sensitivity of Escherichia 
coli 198 in 450 ppm hard water to the killing action of 200 
ppm benzalkonium chloride at 25 C 














Number of Cells Surviving Exposure Cells/ml 
Peptone exposed 
30 sec | 60 sec 120 sec | 180sec | ™* 1% 
aii. 555-05 | 60 | 0 0 0| 58.6 
Proteose........ | 10 | 0 0 0, 70.3 
Proteose #2....| 550 | 0 0 0, 79.3 
Thiotone........| 30 | 0 0 0 62.8 
Tryptone....... | 1,475 | 20 0 0 74.7 
Neopeptone.....| 325 | 0 0 0 68.5 
EVANS. .0t eso. 125 | 0 0 — | 120.6 
ee 125 | 10 1 76.1 
ee, 50 | 0) o| — 71.7 
British Drug | 
House........ 130 | 30 i; — 62.8 
Casitone........ TNC*| TNC 16,000 | 1,700 | 78.5 
Peptonum | 
siccum........ | 13,520 | 11,666 460 0| 75.75 
Phytone........ | 34,500 | 11,450 | 3,740 300 32.6 


| 
Polypeptone....) TNC | 185,600 | 51,200 5,780 76.1 





* Too numerous to count. 


of the inoculum. The cells were harvested after 20 hours’ 
incubation and their susceptibility determined by the 
Weber and Black procedure using 450 ppm synthetic 
hard water for the preparation of both the cell and 
germicide systems. 

The results obtained with these cells are presented in 
table 10, where it will be seen that media containing 
either casitone, phytone, polypeptone or the official 
peptonum siccum for Disinfectant Testing (U.S. D. A., 
1931) produced cells of considerably greater resistance 
to the quaternary than did any of the other 10 peptones 
tested. The sensitivity of HE. coli 198 (at least) is ap- 
parently a function of the medium upon which it is 
grown, increasing or decreasing depending upon the pep- 
tone used in the medium. This was illustrated in the 
following experiments. Ten consecutive transfers of EF. 
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coli 198 were made on medium containing bactopeptone 
except for the ninth, which was made on peptonum 
siccum medium. Cells from the first and eighth trans- 
fers were killed by exposure for one minute to 200 ppm 
benzalkonium chloride, whereas those from the ninth 
transfer required more than two minutes’ exposure for 
the same result. Cells from the tenth transfer were as 
sensitive to the quaternary as those of the first or 
eighth. 


Discussion 

The killing of bacterial cells by a chemical agent is 
herein considered as the resultant of the reactions be- 
tween two systems: the cells and their suspending 
medium and the germicide and its diluent. Our results 
show that if the reaction mixture be composed of 
benzalkonium chloride, Escherichia coli 198 and 
distilled water, all (99.9999 per cent) the exposed cells 
are killed at a rapid rate (ca. 30 seconds), whereas if 
certain ions, especially calcium and magnesium, be 
present the time required for the germicide to kill all 
the exposed cells is increased to approximately three 
minutes. This would indicate that these ions are exert- 
ing some effect upon either the cells or the cationic 
quaternary. As far as the latter possibility is concerned, 
it is difficult to develop a concept wherein ions of like 
charge would react. One is thus lead to the assumption 
that the action of calcium and magnesium ions is upon 
the cell system, the validity of which assumption is 
demonstrated by the fact that FE. coli 198 suspended in 
distilled water and exposed to benzalkonium chloride 
diluted in hard water are killed as promptly as when 
distilled water is used in both systems. 

What the ultimate factor or factors that cause this 
delay in the killing of a relatively small portion of the 
bacteria exposed to benzalkonium chloride may be, re- 
mains unanswered. The experiments here reported 
clearly show that the peptone of the medium upon 
which the cells are grown determines whether or not 
calcium and magnesium ions will bring about a delay 
in the killing of all the exposed cells. It may be inter- 
esting but it is futile to speculate as to what factor or 
factors may be present or absent in those peptones that 
produce cells showing this phenomenon. The fact that 
a majority of the peptones tested produced cells that 
did not show the hard water effect, strikingly empha- 
sizes this phenomenon as a special feature of a few 
peptones. It follows that the delay in the killing of all 
the cells exposed to benzalkonium chloride in the 
presence of calcium and magnesium ions should be 
regarded as an artifact encountered only in the labora- 
tory where the cells have been grown on a medium 
containing a specific peptone. Were it not for the fact 
that the peptone specified in the FDA, and hence the 
Weber and Black method for testing of disinfectants, is 
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one of those causing the delay in killing by bengal. 
konium chloride the retardant action of hard water 
would probably have escaped notice. 

The apparent discrepancy between those evaluation 
studies showing a lack of prompt killing by benzal- 
konium chloride of all the exposed cells in hard water 
and those of Mallman et al. (1946) that showed a highly 
satisfactory performance in the field in hard water 
areas, disappears when one recognizes that the cells 
Mallman was killing with benzalkonium chloride were 
naturally occurring bacteria and not those propagated 
on a medium rendering them resistant to the killing 
action of the quaternary. 

Whereas the effect of calcium and magnesium ions on 
benzalkonium chloride is nil, the action of organic 
matter, as represented by proteins and lipids, is marked. 
This is clearly demonstrated in the experiments with 
the Allport dirty water where preparation of the 
germicide system with dirty water has a more pro- 
nounced effect upon the rapidity with which the cells 
were killed than when the other system contained the 
organic matter. 

Of the 3980 ppm solids of the Allport water 2680 are 
contributed by protein, starch and lipid. The molecules 
of the first two substances offer large surfaces for ad- 
sorption and, at least with the protein, possibility of 
chemical reaction with the quaternary; the lipid is 
capable of both adsorption and solution of the benz- 
alkonium chloride whence it is held in the suspended 
fat droplets which tend to rise to the surface of the 
water. As a consequence of adsorption and/or solu- 
tion, these molecules tend to shunt the germ cide from 
the bacteria exposed to it. The fact that benzialkonium 
chloride does kill the exposed cells under conditions 
militating against contact between it and the bacteria 
indicates a selective adsorption by them of the germi- 
cide, and a reduced but still effective residue of free 
germicide. 

A rough idea of the magnitude of this selective ad- 
sorption is given by the following: If one assumes the 
maximum weight of a living bacterial cell to be | X 
10-° mg (Lamanna and Mallette, 1953) the ratio of 
cells to organic matter (protein, starch and lipid) in 
these experiments was approximately 1:2.6. 

In studying the effect of iron and aluminum the 
concentration used was selected as one representing an 
excess over that usually present in water supplies. At 
higher concentrations these ions prolong the time 
necessary to kill all the cells exposed to benzalkonium 
chloride. Whether this effect is due to the acidity of the 
salt supplying the ion or to the ion itself is more or less 
of only academic interest. The important point is that 
at concentrations of iron usually found in water supplies 
this ion does not affect the germicidal activity of benz- 
alkonium chloride in either alkaline or acid (5.0 or 
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above) pH values. Aluminum in an alkaline medium is 
also without effect. 


SUMMARY 


Calcium and magnesium, iron, aluminum, certain 
natural waters and organic matter have been reported 
in the literature to adversely affect the germicidal 
action of quaternary ammonium compounds. In the 
experiments herein reported the effect of these sub- 
stances has been measured in terms of the time re- 
quired to kill all (99.9999 per cent) the organisms ex- 
posed to 200 ppm benzalkonium chloride at 25 C in 
their presence. 

Under certain conditions calcium and magnesium 
ions (hard water) cause a prolongation in the time 
necessary to kill all the exposed cells. This prolongation 
is, however, an artifact, its occurrence depending upon 
the peptone used for the production of the cells. Of 14 
peptones tested only 4 produced cells showing this 
effect. The action of calcium and magnesium ions in 
producing this effect is on the cells. 

Organic matter acts upon the germicide to cause a 
prolongation in the time required to kill all the exposed 
cells. The effect of organic matter can be negated by 
increasing the temperature at which the cells are 
exposed to the germicide from 25 to 45 C. 

Independent of hardness, certain natural waters 
bring about a prolongation in the time required to kill 
all the exposed organisms. This increase is not, how- 
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ever, great. The constituent or contaminant of these 
waters causing the prolongation is unknown. 

Iron in a concentration of 5 ppm or less has no effect 
upon the germicidal action of benzalkonium chloride. 
Aluminum at the same concentration also has no effect 
in an alkaline medium. At an acid pH, however, this 
ion acts upon the cells to produce a prolongation in the 
time necessary to kill all the exposed cells. 
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To our knowledge the only report of an antibiotic 
produced by a thermophilic actinomycete was pub- 
lished by Schéne (1951). The antibiotic was produced 
by Streptomyces thermophilus, and was named thermo- 
mycin. Schéne obtained an antibiotic titer of 256 units 
per ml in 4 days at 60 C in stationary bottles using a 
buffered medium which contained 10 per cent blood 
serum. Extraction of this culture filtrate with ether, 
followed by evaporation yielded a yellow powder which 
inhibited Corynebacterium diphtheriae at a concentra- 
tion of 12 wg per ml. 

Thermomycin was found to be most active against 
('. diphtheriae and against Listeria monocytogenes to a 
much lesser extent. All other organisms tested were in- 
sensitive to thermomycin. Injection of 2 ml of culture 
filtrate (256 u per ml) into each of 20 mice did not cause 
a toxic reaction. 

The present paper deals with the production, recov- 
ery, purification, and microbial spectrum of thermo- 
viridin. The organism which produces this antibiotic is 
considered to be a new species in the genus Thermo- 
actinomyces. The name Thermoactinomyces viridis is sug- 
gested for the organism. 


MATERIALS AND METHODS 


In the course of this work, antibiotic activity was 
measured by the serial dilution, paper disc-agar plate, 
and agar tube dilution methods. The thermoviridin unit 
was based on the serial dilution test, and was defined 
as the minimum amount of thermoviridin in 1 ml which 
inhibited the growth of a 1 per cent inoculum of Micro- 
coccus pyogenes var. aureus 209P in broth for 24 hours 
at 37 C. The medium used for the serial dilution assay 
contained peptone, 0.6 per cent; trypticase, 0.4 per 
cent; beef extract, 0.3 per cent; glucose, 0.1 per cent; 
sodium chloride, 0.5 per cent; and had a pH of 7.0. 
Fermentation studies were carried out on a Gump 
rotary shaker in wide-mouth 500-ml Erlenmeyer flasks. 
The shaker operated at about 250 rpm and each flask 
rotated through a two-and-one-quarter-inch diameter 
circle. The flasks contained 50 ml of medium. 


'The data presented in this paper were taken from a thesis 
submitted in November, 1954 by David M. Schuurmans to 
Michigan State College in partial fulfillment of the require- 
ments for the degree Doctor of Philosophy. 
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Inoculum for the fermentations was prepared by 
transferring the growth from a 4- to 10-day-old agar 
slant culture of the organism into 100 ml of medium in 
a one-liter Erlenmeyer flask. The flask was shaken for 
2 days at 45 C. A second flask inoculated with 2 ml of 
vegetative growth from the first flask culture was 
shaken approximately 18 hours. All fermentation flasks 
received 1 ml of this secondary culture per 50 ml of 
medium. The medium used for inoculum preparation 
contained tryptone, 2 per cent; beef extract, 0.5 per 
cent; and had a pH of 6.9 to 7.1. 

Nutrients tested in the development of the fermenta- 
tion medium were added to a basal medium at levels of 
0.5, 1, 2, and 4 per cent. The basal medium contained 
tryptone, 4 per cent; beef extract, 0.5 per cent; and 
had a pH of 6.9 to 7.1. Those nutrients which appeared 
to enhance thermoviridin production were combined 
and added to the basal medium. The balance of nutri- 
ents was then varied. 

Thermoviridin was also produced in a 30-liter labo- 
ratory fermentor previously described by Olson e¢ al. 
(1954). The fermentor contained 12 liters of fermenta- 
tion medium (table 2) and 150 ml of antifoam. The 
antifoam consisted of mineral oil with 5 per cent octa- 
decanol by weight. The inoculum was 100 ml of a 
secondary culture obtained by the same procedure as 
for the preparation of inoculum for shake flask fer- 
mentations. 

During the fermentation the temperature was main- 
tained at 45 C, the air flow 0.6 volume of air per volume 
of medium per minute, and the impeller speed 530 rpm. 

Recovery of thermoviridin was accomplished by pre- 
cipitation at pH 3 with phosphoric acid followed by a 
2-hour holding period at 0 to 5 C. The precipitate was 
washed with water and extracted with one-tenth vol- 
ume of 80 per cent acetone, based on the volume of the 
culture filtrate. The recovery process is outlined in 
figure 1. 

Two methods were found to be of value in the purifi- 
cation of crude thermoviridin. The first method con- 
sisted of fractional precipitation of the active material 
from a methanol solution using ethyl ether as the pre- 
cipitating agent. 

The second method was the countercurrent distribu- 
tion method of Craig (1944). This procedure was car- 
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Whole crude culture 


| | | 
| | 





Mycelium Culture filtrate 
(discard) | 
| Adjust to pH; 
CO 
Precipitate Filtrate 
(discard) 


1. H.O wash (discard) 
2. Extract with 
80 per cent acetone 


Residue Acetone extract 
(discard) | 
| 
Remove acetone 
and dry from 
frozen state 





Dry antibiotic solid 


Fic. 1. Procedure for the recovery of thermoviridin 


ried out in a 30 cell, HO Post, all glass, countercurrent 
distribution instrument, model 1. This instrument uses 
10 ml of each solvent. 


RESULTS 
Cultural Characteristics 


Thermoactinomyces viridis, isolated from a composted 
manure pile, was found to have an optimum growth 
temperature of approximately 55 C. At this tempera- 
ture, growth on agar was fully developed in 3 days. 
The diameter of the hyphae was approximately 0.5 yn, 
and oval conidia (about 1.0 x 1.3 «) were borne singly 
on short sporophores. 7. viridis was found to be non- 
acid fast, and gram negative. The latter reaction is un- 
usual since most actinomycetes are gram positive. How- 
ever, Lieske (1921) found that certain thermophilic 
forms were gram negative. 

The growth characteristics and biochemical reactions 
of 7. viridis on various organic media are presented in 
table 1. The organism demonstrated amylolytic and 
proteolytic properties but did not digest cellulose or 
reduce nitrates. 

The glucose-peptone A and B media, glucose-aspara- 
gine agar, and starch agar A were prepared according 
to formulae given by Waksman (1950). The medium 
for testing cellulose digestion consisted of filter paper 
strips suspended in a solution of the salts found in 
Czapek-Dox agar. The nutrient agar referred to in ta- 
ble 1 contained peptone, 1 per cent; beef extract, 0.5 
per cent; and had a pH of 6.8 to 7.0. 

The organism in many ways resembles Thermoac- 
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TABLE 1. Cultural characteristics and biochemical reactions 

of Thermoactinomyces viridis on various 
organic media 
ss Re : ia 
. | Description of Growth or Biochemical Reacti 
Medium | after 14 Days’ incubation at 45 eae 
| ——_—__-— - 
Nutrient agar ...... Mycelial growth wrinkled and close 
to agar surface; blue-green aeria] 
mycelium; emerald-green water. 
| soluble pigment present 
Nutrient broth ..... | Flocculent cream-colored submerged 
| growth; surface growth blue-green; 
| green pigment present 
Glucose - peptone A | 
TS eee ne EAC | Colorless colonies 1-2 mm in diameter; 
| no aerial mycelium 
Glucose - peptone A| 
ERs oe, oe | Flocculent cream-colored submerged 
| growth 
Glucose - peptone B | 
eee aay Mine: RS Wrinkled colorless growth; no aeria, 
| mycelium 
Glucose - peptone B| 
Cn, Ra ee | Flocculent cream-colored submerged 
growth 
Czapek-Dox agar....| No growth 
Sabouraud agar...... | No growth 
Glucose - asparagine | 

nT ee ee Rene | No growth 

Corn meal agar...... | Flat colorless colonies 1-2 mm in di- 
ameter 

Calcium malate agar. | Colorless colonies 1-2 mm in diam- 
eter; few colonies with blue-green 

| aerial mycelium 

Potato plug..........| No growth 

Carrot plug.......... No growth 

Blood agar plate..... | Few large folded colonies; many small 
flat colonies; no aerial mycelium; 
hemolysis present 

Skim milk Coagulation followed by digestion 

Nitrate broth........ Not reduced to nitrites 

etiiose. ..... 6... .«. | No digestion 

Nutrient gelatin.....| Liquefaction 

Starch agar A........| Hydrolysis 

Temperature range... | Minimum, 37 C; optimum, 55 C; maxi- 
mum, 60 C 

EAC Sapa erat Composted manure pile 

tinomyces monospora, described by Waksman and Le- 

chevalier (1953). The points of difference, however, are 

considered significant. 7. monospora possesses hyphae 

with a diameter of about 1 y, has an optimum growth 

range of 37 to 55 C, and does not coagulate milk. 

The hyphae of the organism reported here were ap- 
proximately 0.5 » in diameter, the optimum growth 
temperature was about 55 C, and milk was coagulated 
and digested. In addition, a green water-soluble pig- 
ment was present. 

Waksman and Corke (1953) have stated that thermo- 
philic organisms which bear spores singly and produce 
an aerial mycelium should be classified under the genus 
Thermoactinomyces. For the above reasons, the organ- 
ism reported here is considered to be a new species for | 
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which the name T'hermoactinomyces viridis is suggested. 
The name thermoviridin was chosen for the antibiotic 
produced by this organism. 


Fermentation 


The fermentation medium used in the production of 
thermoviridin is presented in table 2. In this medium, 
an antibiotic level of 32 units per ml was obtained in 
shake flask cultures. The addition of buffer to the me- 
dium did not increase thermoviridin production. 
Growth obtained in a 30-liter laboratory fermentor 
with this medium was good although not so heavy as 
that in shake flask cultures. The antibiotic titer ob- 
tained by this method was only 4 units per ml. 

An attempt was made to increase antibiotic potency 
by supplementing the tryptone-beef extract medium. 
A list of the nutrients tested is given in table 3. Several 
nutrients caused a slight increase in antibiotic produc- 
tion, but the increase was not considered significant. 
Combining these enhancing nutrients in the basal me- 
dium did not increase thermoviridin production. The 
amino acids, tryptophane, and tyrosine were tested 
because they are stated to be present in substantial 
amounts in tryptone. 

The fermentation medium was also supplemented 
with several mineral salts. The following metallic ions 
were added: Ca++, Mg**, K+, Nat, Znt+, Fet+, Cut, 
Mnt*, and Cot+. Thermoviridin production was not 
affected by the presence of these metallic ions at the 
levels tested. 

Antibiotic production at 37 and 45 C has been com- 
pared. The relationship of pH changes and thermo- 
viridin production during fermentation at 37 and 45 C 
may be seen in figure 2. It will be noted that maximum 
thermoviridin production was reached in 27 hours at 
45 C, compared to 48 hours at 37 C. The pH of the fer- 
mentation during the period of maximum thermoviridin 
production was approximately 8.6. 


Recovery 

The process for recovery of thermoviridin is pre- 
sented in figure 1. A precipitate formed when the cul- 
ture filtrate was adjusted to pH 3. There was no appar- 
ent loss of antibiotic activity when the acid precipitate 
was washed with water. The washed precipitate was 
extracted with 80 per cent acetone. By this process, ap- 
proximately 80 per cent of the antibiotic activity in the 
culture filtrate was recovered in the acetone extract. 
After evaporation of the acetone, the remaining water 
fraction was dried from the frozen state yielding a solid 
which possessed up to 64 thermoviridin units per mg. 


Purification 


The solid material obtained by the recovery proce- 
dure was purified by fractional precipitation or by coun- 
tercurrent distribution. The degree of purification ob- 
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TABLE 2. Tryptone-beef extract fermentation medium 











Constituent Concentration 
= ot ee ee s = mes 
Biaeto ATyPtOne s «oie ei sw sete ane neee 40 
Bacto beef extract....................00. 5 








pH 6.9-7.1. 


TABLE 3. Nutrients tested in the tryptone-beef extract 
medium for stimulation of antibiotic production 





Glycerol 

Glucose 

Sucrose 

Maltose 

Lactose 

Corn starch 

Corn meal 

Corn steep liquor 
Whole wheat flour 
Wheat germ 
L-tryptophane 
DL-tyrosine 
Casamino acids 
Peptone* 
Tryptose* 

Soy peptone* 
Soy bean meal 
Milk nutrient GG 
NZ amine B* 
Brewer’s yeast 
Yeast extract 





* Nutrients showing some stimulation of antibiotic pro- 
duction. 





t 
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TIME IN HOURS 


o—+—+ Activity ot 45°C 
+—*—+ pH chonge at 45°C 


—_——~- Activity ot 37°C 
——+— pH change at 37°C 


Fig. 2. The relationship of pH changes and thermoviridin 
production during fermentation at 37 C and 45 C. 


tained by the fractional precipitation method may be 
seen in table 4. 

With starting material having 20 units antibiotic ac- 
tivity per mg, a fourfold increase in potency was ob- 
tained in the two volume precipitate. The total units 
recovered in all fractions represented 65.6 per cent of 
the antibiotic activity in the starting material. 

The formation of a precipitate on the addition of one- 
fourth and one-half volumes of ethyl ether depended 
upon the potency of the solid material being purified. 
When the starting material was crude, for example, 5 
to 10 units per mg, the one-fourth and one-half volume 
precipitates were heavy. When the starting material 
was of higher potency, the precipitate in these fractions 
was light, or more often absent. 
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TaBLe 4. Purification of thermoviridin by fractional 
precipitation 


Units | Activity 
— Mg in Units in Recovered 
Fraction Fraction | per Mg! Frac- in 


tion Fraction 


Starting material*. 192.0 | 20 | 3840 
Residue. .. eae 89.9 0 0 0 
Precipitated from !4 vol ether. .|Noppt. 





Precipitated from 1 vol ether..| 21.8 | 30 654 | 17.0 
Precipitated from 2 vol ether... 16.4 | 80 | 1312 | 34.1 
Precipitated from 4 vol ether..| 18.6 | 30 558 | 14.5 
Precipitated from 7 vol ether..) 13.2 0 0 0 
Total Recovery .... 159.9 2524 | 65.6 


* Sufficient methanol added to give an antibiotic concen 
tration of 150 units per ml. 


Countercurrent distribution of thermoviridin was 
carried out in a 30-cell apparatus. The solvent system 
was butanol saturated with 0.4 m sodium phosphate pH 
6.05 buffer and the same buffer saturated with the 
butanol. Three hundred mg of crude thermoviridin of 
8 u per mg was dissolved in 10 ml of buffer for the first 
cell and the pH adjusted to pH 6.05. The activity was 
found to be distributed between the water and butanol 
only in tubes 16, 17, 18, 19 and 20. The butanol fraction 
of tube 18 was evaporated to dryness and yielded ther- 
moviridin with 360 u per mg. 

The single peak of antibiotic activity obtained in the 
30 transfer solvent distribution system indicates that 
thermoviridin is a single entity. Additional support of 
this statement was obtained by paper chromatography 
of crude thermoviridin. A solvent system of butanol 
saturated with 20 per cent sodium phosphate at pH 5.85 
was used at 30 C. Ten units of crude thermoviridin 
(8 u per mg) was added to dry Whatman #1 paper 
strips saturated with 20 per cent sodium phosphate at 
pH 5.85. The origin was 12 inches from the bottom of 
the strip and the strips were developed in a descending 
manner. In this system, thermoviridin moves as a single 
component and has an Rf value of 0.1. The location of 
antibiotic activity was made on two sets of plates, one 
seeded with M. pyogenes var. aureus 209P and the 
other with Bacillus subtilis ATCC 6633. 


Biological and Chemical Properties 


Stability studies with antibiotic beer indicated that 
thermoviridin was stable for 21 hours in a pH range of 
2 to 8 at 37 C. At pH 10, 50 per cent of the activity was 
lost at 8 hours. The stability of thermoviridin to tem- 
peratures higher than 37 C has not been determined. 

Several qualitative biochemical tests have been per- 
formed using a water solution containing 1 mg per ml of 
material which had 30 units antibiotic activity per mg. 
The biuret and ninhydrin tests were negative indicat- 
ing the absence of proteins and peptides. The xantho- 
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proteic test was negative suggesting that no pheny| 
groups were present in the material. The Molisch tey 
for carbohydrates and the lead acetate test for sulfy 
were also negative. 

According to Florey eé al. (1949), a compound which 
has preferential solubility in an organic solvent unde; 
acid conditions is itself acid in nature. This is true of 
thermoviridin, which in the presence of both water and 
butanol favors the butanol phase at acid pH and the 
water phase at alkaline pH. Thus it appears that ther. 
moviridin is an organic acid which contains no sulfur 
or phenyl groups. 

Thermoviridin was found to be dialyzable and also 
to be precipitated with saturated ammonium sulfate, 

The ultraviolet absorption spectrum of thermoviridin 
was determined in a Beckman quartz spectrophotome- 
ter. Maximum absorption occurred in the range of 268 
to 272 my. The absorption curves are shown in figure 3. 
The aqueous solutions A, B, and C were made up from 
solid preparations which had 30, 80, and 30 thermo- 
viridin units activity per mg respectively. The slight 
differences in the absorption peaks produced by these 
preparations were not considered significant. The ab- 
sorption shown was attributed to thermoviridin and was 
considered to be characteristic of it. 

The microbiological spectrum of thermoviridin is pre- 
sented in table 5. It will be noted that the activity of the 
antibiotic was restricted primarily to the gram positive 
organisms tested. 

The sensitivity of M. pyogenes var. aureus 209P was 
taken as the standard to which the sensitivity of all 
other organisms was compared. It will be noted that 
two of the micrococcus strains were penicillin resistant. 
Strain 193 was found to require 200 times as much peni- 
cillin for inhibition as the 209P strain, whereas the 218 
strain required 1600 times as much as the 209P strain. 
Table 5 shows that a fourfold increase in the concentra- 
tion of thermoviridin was sufficient for the inhibition 
of both resistant strains. 

The sensitivity of all bacterial cultures except the 
mycobacteria was tested using the twofold serial dilu- 
tion method. The agar dilution method was used in 
testing the sensitivity of the mycobacteria and fungi. 

The values given for all bacteria in table 5 except 
those for the mycobacteria are based on the degree of 
inhibition after 18 to 24 hours’ incubation at 37 C. The 
values for the mycobacteria are based on the degree of 
inhibition after 6 weeks’ incubation at 37 C, and those 
for the fungi, on the degree of inhibition after 3 weeks’ 
incubation at room temperature. 

The activity of thermoviridin was not impaired by 
the presence of sheep blood, nor did the antibiotic he- 
molyze sheep red blood cells. 

A preliminary acute toxicity study of thermoviridin 
was conducted using 20-gram White Swiss mice of the 
Webster strain from the Michigan Department of 
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TABLE 


Micrococe 
Micrococe 
Micrococe 
Micrococe 
Micrococe 
Streptoco 
Streptoco 
Streptoco 
Streptoco 
Streptoce 
Streptocc 
Diplococ 
Corynebe 


Sarcina 
Bacillus 
(Clostrid: 
Vibrion 
Proteus 
Escherte 
Shigella 
Salmon 
Mycoba 
H37. 
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Taste 5. The microbiological spectrum of thermoviridin 


| 


u/ml 

Organism Medium 5 gy 

| hibition 
Micrococcus pyogenes var. aureus 209P..... I 1 
Micrococcus pyogenes var. aureus 2 I | “2 
Micrococcus pyogenes var. aureus 193*..... I 4 
Micrococcus pyogenes var. aureus Bis... I 4 
Micrococcus pyogenes var. aureus SM...... | I 4 
Streptococcus viridans 31 (S. mitis)........ | Feltons 16 
Streptococcus viridans 143...............6- | Feltons 16 
Streptococcus hemolyticus SFIV.... Feltons | 4 
Streptococcus hemolyticus K64C... Feltons 4 


Feltons 16 
Feltons 16 
Feltons 4 
Veal in- 
fusion 16 


Streptococcus hemolyticus 316A............ 
Streptococcus hemolyticus 314B.. 
Diplococcus pneumoniae type IIT. . 


Corynebacterium diphtheriae PW8... 


Sarcina lutea PCI-1001W Re Soe I 0.25 
Bacillus subtilis 231 Pe reese eal I 0.5 
(Clostridium tetani Pease str | I 2 
Vibrion (Clostridium) septicum. . I 0.03 
Proteus vulgaris 1414 I 64 
Escherichia coli FDA..................... I 64 
Shigella paradysenteriae 15001 ee eee I 64 
Salmonella typhimurium Edward str 9..... I 64 


Mycobacterium tuberculosis var. hominis 


ee. week faa 


Mycobacterium phlei 1201................ II > 26 
Trichophyton mentagrophytes . ee III >26 
Histoplasma capsulatum Apion ae III >26 
Blastomyces dermatiditis . . De hte Ill > 26 
Nocardia asteroides goadiocs eesti, III >26 
Aspergillus fumigatus ameter) | ee >26 
PEE ID OCRIRNS 65.0 oaks Saeco es So Ree | III >26 


* Penicillin resistant. 

Medium I: Peptone, 6 g; trypticase, 4 g; yeast extract, 3 g; 
beef extract, 1.5 g, glucose, 1 g; sodium chloride, 5 g; distilled 
water to 1000 ml, pH 7.0. 

Medium II: Beef extract, 3 g; peptone, 10 g; KH2PO,, 2 g; 
glycerine, 70 g; sodium chloride, 5 g; agar, 20 g; distilled water 
to 1000 ml, pH 6.9. 

Medium IIT: Medium I with agar, 15 g. 


Health colony. Intraperitoneal injection of 32 mg of 
material which had 25 units per mg antibiotic activity 
into each of 3 mice showed no toxic effect. The mice 
were observed for a three-week period and then sacri- 
ficed. The gross appearance of the internal organs was 
normal. 


DISCUSSION 


Tryptone served as a source of both carbon and nitro- 
gen for 7’. viridis. This is supported by the fact that 
growth was obtained using only a 4 per cent tryptone 
solution as the fermentation medium. Beef extract was 
believed to serve as a source of supplementary growth 
factors and minerals. 

Of the nutrients added to the tryptone-beef extract 
fermentation medium, whole wheat flour and glycerol 
stimulated the growth of 7’. viridis to some extent, al- 










A 12 Units per mi 
8 32 Units per mi 
C 75 Units per mi 


Optical Density 
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Fic. 3. Ultraviolet absorption spectrum of three lots of 
thermoviridin in aqueous solution. 


though there was no significant enhancement of thermo- 
viridin production. Neither of these constituents was, 
therefore, included as a permanent constituent of the 
fermentation medium. 

The stability of thermoviridin at temperatures above 
37 C was not tested systematically. However, auto- 
claving 10 ml of culture filtrate for 5 minutes at 121 C 
caused a reduction in antibiotic activity of approxi- 
mately 50 per cent. 

With the exception of the ultraviolet absorption spec- 
trum, the chemical characteristics of thermoviridin 
have been determined for the most part by indirect 
evidence. The negative results of the color tests which 
were preformed indicate the absence of proteins and 
carbohydrates in the preparations tested. The solu- 
bility characteristics of thermoviridin under acid and 
alkaline conditions indicate that the antibiotic is an 
acid. More definite conclusions concerning the chemi- 
cal nature of this antibiotic cannot be drawn from the 
accumulated data. 


SUMMARY 


A thermophilic actinomycete, for which the name 
Thermoactinomyces viridis is suggested, was found to 
produce an antibiotic which was named thermoviridin. 
An antibiotic level of 32 units per ml was obtained in 
shake flask cultures using a medium which contained 
tryptone, 4 per cent; beef extract, 0.5 per cent; and 
which had a pH of 6.9 to 7.1. The addition of a number 
of nutrients did not increase antibiotic potency signifi- 
cantly. Maximum thermoviridin production was 
reached in 27 hours at 45 C. 

Recovery of thermoviridin was accomplished by acid 
precipitation followed by acetone extraction of the 
precipitate. Dry material obtained from the acetone 
extract had up to 64 thermoviridin units per mg. 

Fractional precipitation and countercurrent distribu- 
tion were the methods used in the purification of ther- 
moviridin. A product which had approximately 360 
units antibiotic activity per mg. was obtained. 
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Thermoviridin appeared to be an organic acid which 
was dialyzable. The antibiotic showed maximum ab- 
sorption in the range of 268 to 272 mu. 

Thermoviridin was primarily active against the gram 
positive bacteria tested. A preliminary toxicity test. in 
mice, consisting of a single intraperitoneal injection of 
32 mg of material which had 25 thermoviridin units 
per mg, did not cause death in any case. 
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A Laboratory Shaking Machine' 
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The review of Finn (1954) emphasized the neglect of 
adequate oxygen supply in common culture methods. 
Devices for shaking cultures (for aeration) are available 
in profusion, and it is increasingly common to agitate 
cultures for recovery of end products and cells. Most 
of the machines are either very large or designed for 
small numbers of vessels or for specialized vessels. This 
is a report of two (similar) shaking machines, assembled 
so as to accommodate several hundred culture tubes in 
racks, or four-liter Erlenmeyer flasks. Much of the cul- 
ture work of this laboratory is conducted at tempera- 
tures below 30 C; ambient temperature often exceeds 
that. These machines were perforce equipped with cool- 
ing coils as well as heaters. Their temperatures have 
been varied with relative ease from. 18 to 38 C. 

The machines utilize the reciprocating mechanisms 
from two versions of a small shaker model 75-683 (Eber- 
bach Corp.)?, which unfortunately so overheated in our 
uncooled incubator rooms as to render them unsuitable 
for our culture work. The mechanisms were securely 
bolted® inside refrigerators. The 8!4 x 14 inch table of 
the mechanism is reciprocally shaken through an ex- 


cursion of 214 inches by the motion of a connecting 

‘ Supported in part by a grant from the National Institutes 
of Health RG 4187 (C). 

2 Eberbach Corp., Ann Arbor, Mich. 

’The conversion and installation were made by the All 
University Laboratory and Research Shop. 


rod eccentrically affixed to the shaft of a large pulley. 
This pulley is beltdriven by a 31-inch variable-pitch 
pulley on a 16-inch jackshaft which passes through the 
back of the cabinet. To the outside end of the jackshaft 
is attached a large pulley, connected by belting to a 
small pulley on the 44 HP AC motor. Grip-link belting 
is used throughout to facilitate changes in belt length 
to permit marked alteration in speed required by change 
in vessel, that is, tubes require more vigorous agitation 
than is tolerated by fluids in flasks. Without seriously 
affecting the belting, the speed may be changed from 
~85 to 110 cycles per,minute. 

Machine 1, shown in figure 1, has the following useful 
inside dimensions: 15 x 26 x 36 inches; is cooled by the 
coil from a dehumidifier model AFA46,‘ controlled by a 
Fenwal thermoswitch model 4 732RF° activating an 
appropriate relay; is heated by a 100 Q wire mesh con- 
trolled directly by a Fenwal thermoswitch model 4 
732RF. Machine 2, figure 2, has the following useful 
inside dimensions: 15 x 26 x 26 inches; is cooled by the 
Crosley sealed unit model N189° present in the refrig- 
erator, controlled by a Fenwall thermoswitch model 
17501, activiting the relay attached to the refrigeration 
unit; is heated by a 100 Q wire mesh controlled by Fen- 
wal thermoswitch model 17500. Sheet metal fastened 

‘ Westinghouse Elec. and Mfg. Co., E. Springfield, Mass. 

5 Fenwal, Inc., Ashland, Mass. 

® Crosley Corp., Cincinnati, O. 
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Tas.e 1. Effect of shaking upon growth attained in 48 


ROBERT C. CLEVERDON 


hours by strains of Chromobacterium, flavobacteria 


and Micrococcus cryophilus 


Culture 


Chromobacteriumspp., 


averageof 12 strains 


Flavobacterium 
tile 700 


aqua 


Flavobactertum suave 
olens Y5S§ 

Flavobacterium estero 
aromaticum 80918 

Flavobacterium flaves 


cens S315§ 


Micrococcus cryoph ilus 
11052§ 


| 





of replicate serial transfers. Figures = 


Medium, Container, Shaking 
rate 


5 ml nutrient broth; 16 
x 126mm tubes; ~110 
cpm 

5 ml casitone broth; 16 
x 126mm tubes; ~110 
epm 


1500 ml casitone broth; 
3-L Erlenmeyer flasks 
~90 epm 

5 ml casein hydrolyzate 
yeast extract’ broth; 
16 x 


~110 epm 


126 mm tubes; 


’ 


100 


+1 


Temperature, 
C 


tS 
x 


30 


30 


30 


30 


Turbidity 


Static 


- 


10 


* Average turbidities of sedimented and resuspended cells 


per cent trans- 


mittance, using the Lumetron 400-A, with the 420 my filter. 
t Turbidity of medium and cells, using the 550 my filter. 
t Midwest culture collection service. 


§ American type culture collection. 
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to the legs of the reciprocating table provides for a de. 
gree of fanning so that the temperature variation j 
about 2 C. The trays furnished with the original mg. 
chines were modified to accommodate flasks as well 
as racks of test tubes. The components of these mg. 
chines, including the mechanisms, heating, refrigerating 
and control devices, were employed because they were 
readily available, and were found by trial to operate as 
described. 

As is seen in table 1, the use of these machines greatly 
increased the yield of cells, as assessed by turbidity 
measurements, in bacterial species which are regarded 
as oxybiontic. 

The relatively tight seal and small size of the cham- 
bers seem to make these machines suitable, when prop- 
erly fitted, for studies of agitation in the “capneie” 
environment discussed by Rose (1942) for statie cul- 
tures, and reiterated by McBee et al. (1955). 
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A Typical Case of Delayed Spoilage in a Dairy Product 


Incubation Test 
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In the testing of canned foods for sterility or sta- 
bility, often relatively short incubation times, that is, 
of the order of a few days, are used. Only in a small 
number of reports (Esty, 1935; Cameron, 1937, 1938; 
Lang, 1938; Moller et al., 1948; Schmidt, 1954) is it 
explicitly recommended to continue incubation for at 
least 3 to 4 weeks. 

The practice of the shorter incubation periods may be 
due to the paucity of published experimental results 
which illustrate the necessity of the longer incubation 
periods. It was therefore thought to be worthwhile to 
report a typical case of delayed spoilage recently en- 
countered in a dairy product incubation test. 


METHODS AND RESULTS 


Product incubation test. The commodity under in- 
vestigation was a sucrose containing coffee-milk product 
of pH 6.5 + 0.1, heated 30 min at 110 C in capped 250- 
ml bottles for sterilization. When this product was sub- 
jected to our standard sterility test at 832 C (Mossel and 
Drion, 1954), it was noticed that spoilage, that is, acid 
curdling without formation of gas, did not start before 
11 days of incubation at 32 C had elapsed. Due to the 
circumstance that the product had been enclosed in 
glass, the progress in the spoilage of the batch could be 
followed without destroying it. The pattern obtained 
is presented in table 1. 

In all cases where spoilage occurred, the commodity 
was acidified to pH 4.8 to 5.0, but did not show any 
increased internal pressure nor subsequent digestion of 
the clot. From all spoiled bottles, a pure culture of the 
same facultative anaerobic, Bacillus-strain could be 
isolated on tryptone-dextrose-yeast extract-soluble 
starch-agar (Mossel and Drion, 1954). 

After 480 days, when the contents of the remaining 
12 bottles did not show any curdling, they were never- 
theless opened for inspection. The coffee-milk appeared 
to be definitely sour, the pH value of 10 bottles varying 
from 5.0 to 5.1, the remaining two showing pH 5.6 to 
5.7. 

Direct microscopic examination of the commodity 
did not reveal any microbes. The contrast stain method 
according to Charlett (1954) was applied, which so far 
has always been very productive. Subcultures in and 

1 Present address: Bacteriological Laboratory, H. Hartog’s 
Meat Products Factories, Oss, The Netherlands. 


on tryptone-dextrose-yeast extract-agar yielded a very 
low recovery. The commodities never showed a higher 
live count than the order 10? cells per ml. Microscopi- 
cally the organisms were identical with the Bacillus 
strain isolated from the coagulated samples. 

These observations are in accordance with the results 
obtained by Hammer (1915) 40 years ago. He failed to 
isolate large numbers of bacilli from older samples of 
spoiled evaporated milk and succeeded in tracing this 
back to lysis of the cells which initially had developed 
in the commodity. 

Bacteriology. Following the classification of aerobic, 
sporeforming bacteria according to Smith, Gordon and 
Clark (1952) the isolate could be identified as Bacillus 
coagulans. Though the strain fermented sucrose and 
lactose in yeast extract medium within 2 days at 32 C 
and showed profuse growth on tryptone-yeast extract- 
gelatin-agar in 2 days at 32 C, pure vegetative cell in- 
ocula grew extremely slowly at 32 C in various milk 
media, including milk, sucrose-milk, and sucrose-coffee- 
milk, both as such and with 0.5 per cent soluble starch 
added. 

In order to obtain more information on the cause of 
this tardy development in milk, two vegetative cell 
inocula were prepared, one after several passages of the 
strain on tryptone-yeast extract-gelatin agar and the 
other after several subcultures in the sucrose-coffee-solu- 
ble starch-milk medium. These inocula were seeded in 20 
tubes each of sucrose-coffee-soluble starch-milk, at an 
initial density of about 10? cells per ml. On incubation 
at 32 C all tubes of both series spoiled after 10 to 11 
days in the same way as noticed in the product incuba- 
tion test. 

A hundred- to thousandfold increase of the initial 


TABLE 1. Visible spoilage pattern of 20 bottles of 
coffee-milk during incubation at 32 C 


Incubation Total Number of Bottles Coagulated 


days 
11 3 
14 4 
15 5 
22 6 
24 7 
41 8 

480 8 
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density of the inoculum (10* to 10° cells per ml) caused 
only a minor decrease in the time of spoilage; in this 
case curdling of the medium was noticed after 7 to 8 
days’ incubation at 32 C. 

Because the inocula were microscopically free from 
spores, the delayed spoilage observed was wholly due 
to the tardy development of the vegetative cells in these 
milk media. 


DIscuUssION 


Inasmuch as the situation in this product incubation 
test precludes the possibility of spoilage, due to leakage 
of the caps, it points to a typical outbreak of delayed 
spoilage, caused by the slow development of a strain of 
Bacillus coagulans. In the bottles of the coffee-milk 
product which spoiled after incubation for 20 days or 
more at 32 C, it may have been that, besides the tardy 
development of vegetative cells, slow germination of 
spores (Foster and Wynne, 1948) has been operative. 

Analogous phenomena have been encountered in the 
already cited classical studies of Hammer (1915) on the 
same species, acting as an agent of spoilage in evapo- 
rated milk. It may be anticipated that this type of de- 
layed spoilage by B. coagulans might occur in other milk 
products, as well as in tomato products (Rice and Pe- 
derson, 1954a). The higher osmotic pressure prevailing 
in condensed or evaporated milk products (Mossel and 
Ingram, 1955) and the lower pH as well as the occur- 
rence of certain organic acids in tomato derivatives 
(Rice and Pederson, 1954b) might further delay the 
development of strains of B. coagulans such as the mi- 
croorganism studied by Hammer and the microorgan- 
ism isolated in this study. 

These observations and considerations may therefore 
serve to illustrate the correctness of Schmidt’s (1954) 
statement that it is essential to make incubation times 
in product stability tests as long as possible, and at 
least 3 to 4 weeks. 


SUMMARY 


In a batch of glass-packed sucrose-coffee-milk, incu- 
bated at 32 C, visible curdling started after 11 days 
-and did not proceed any further after 41 days when 
40 per cent of the samples showed coagulation. After 
480 days, the remainder of the samples appeared to 
have been acidified without curdling to pH 5.0 to 5.7. 
From the bottles with curdled contents, and to a con- 
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siderably lesser extent from the noncurdling bottles, g 
pure culture of Bacillus coagulans was isolated. Though 
it was confirmed that the strain grew very slowly in 
milk, it nevertheless completely fermented: lactose jy 
yeast extract medium within 2 days at 32 C. 

The results obtained give further support to the de. 
sirability of continuing product incubation tests for at 
least 3 to 4 weeks, so as not to miss cases of delayed 
spoilage, caused by tardy, suboptimal development of 
normally fast growing microorganisms. 
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M. K. Hampy, E. L. SHerrer, C. I. RanpLEs, H. H. WEISER AND W. D. SHEETS 


Department of Bacteriology and Waste Treatment Laboratory, Engineering Experiment Station, Ohio State University, Columbus, Ohio 


Received for publication September 16, 1955 


In a previous communication, Sheets et al. (1954) 
have shown that three phenol-resistant organisms, a 
sporeforming rod, a coccus and a short rod, belonging 
to the genera Bacillus, Micrococcus and Pseudomonas 
respectively, were isolated from a trickling filter, op- 
erated continuously at 54 C for the treatment of phe- 
nolic wastes. The Pseudomonas-like rod predominated 
over the other two types. A pure culture of this organ- 
ism was capable of oxidizing phenol at a relatively high 
rate (Hamdy et al., 1954). 

Microorganisms that oxidize such aromatic com- 
pounds as phenol, m-cresol, and naphthalene have been 
isolated by Kramer and Doetsch (1950), Czekalowski 
and Skarzynski (1948), and Gray and Thornton (1928). 

Physiological data on phenol-oxidizing bacteria have 
been reported by Egorova (1946), Evans (1947), Stanier 
(1948), and Sleeper and Stanier (1950). Kilby (1948) 
postulated the breakdown of phenol as: phenol — cate- 
chol > o-benzoquinone — 1,2,5,trihydroxybenzene — 
5 hydroxy o-benzoquinone — 6-ketoadipic acid — suc- 
cinate + acetate. 

Sleeper and Stanier (1950) reported that catechol is 
an intermediate in the oxidation of phenol by cells of 
Pseudomonas fluorescens. Stanier et al. (1950) confirmed 
that 8-ketoadipic acid is an intermediate in the oxida- 
tion of catechol by P. fluorescens while hydroxyhydro- 
quinone is highly improbable. 

An investigation was undertaken in this laboratory 
with the aim of securing more information concerning 
the characteristics of and the mechanism of phenol 
breakdown by an unidentified strain of Pseudomonas 
isolated from the trickling filter exposed to phenol 
liquor. 


MATERIAL AND METHODS 


The culture media, the bacteriological and chemical 
methods employed in this study were the same as those 
previously described (Hamdy et al., 1954). The organ- 
ism used in this work was the pseudomonad isolated 
from a trickling filter by Sheets et al. (1954). Oxygen 
uptake was measured using conventional manometric 
methods. Fernbach culture bottles were used to grow 
the organism in salt-solution medium? with phenol while 


' Engineering Experiment Station Bulletin No. 157. 

2Salt solution, made of 1.0 g ammonium nitrate, 0.5 g 
dipotassium hydrogen phosphate, 0.01 g ferric chloride, 0.1 g 
sodium chloride, 0.2 g magnesium sulfate per liter of distilled 
water, 
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Florence flasks were used to grow the organism on nu- 
trient broth with or without phenol. Aeration was ac- 
complished by bubbling sterile air through the cultures 
to increase the number of cells. Centrifugation was used 
to separate the cells, which were then washed with dis- 
tilled water. In order to compare the results of the 
manometric experiments, approximately equal cell con- 
centrations, as measured turbidimetrically with a Beck- 
man model B spectrophotometer at a wave length of 
500 my, were prepared. All manometric data were ob- 
tained at 46.5 C, as no activity was observed within a 
reasonable length of time at 37 C. 
EXPERIMENTAL RESULTS 


Morphological and Biochemical Characteristics of 
the Pseudomonad 


Cells 0.5 to 0.8 by 1.3 to 3.0 microns, straight, motile 
by polar flagellum (figure 1), gram negative. These rods 
frequently showed unstained areas, probably vacuola- 
tions, especially in old cultures. The organism grew 
well on ordinary culture media, single, or in pairs when 
the culture was incubated at 37 C or at room tempera- 
ture, and in very long chains when the culture was in- 
cubated at 54 C (figures 2 and 3). 

The agar colonies. Circular, 3 to 5 mm diameter, yel- 
low, smooth, glistening, entire, opaque. 

Agar slant. Filiform, raised, smooth, glistening, un- 
dulate; the growth on the slant tends to become dark 
gray with age. 

Nutrient broth. Turbid with heavy sediment. 

Optimum temperature. It grows well at both 37 and 
54 C with the latter appearing to be more favorable. It 
grows slowly at room temperature and very poorly at 
10 C. 

Fermentation. No acid or gas was formed from the 
following carbohydrates and alcohols: arabinose, glu- 
cose, fructose, galactose, sucrose, maltose, lactose, 
starch, inulin, dextrin, glycerol, mannitol and sorbitol. 
Slight acidity was observed in xylose. 

Action on inorganic nitrogen compounds. The organ- 
ism utilizes ammonium salts and urea when furnished 
with no other source of nitrogen. 

Nitrate is not reduced, starch is not hydrolyzed and 
gelatin is not liquefied. No action was seen on blood 
agar and milk was not changed. Catalase, indol and 
MRVP tests were netative. The organism does not pro- 
duce hydrogen sulfide. It grows well on citrate medium. 
The organism is aerobic, attacks phenol, and resists 











.&. ree 


Fic. 1. Photomicrograph of Pseudomonas 


X54 demon- 
strating the polar flagella (X 1800). 
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Fic. 2. Photomicrograph of Pseudomonas X54 grown for 
24 hours on tryptone glucose extract agar at 37 C (X 1100). 


high concentrations of it (Hamdy et al., 1954; Sheets 
et al., 1954). 

Based on the characteristics listed above, the organ- 
ism was identified as a member of the genus Pseudo- 
monas and was designated Pseudomonas X54. Pseudo- 
monas X54 shows an unusual temperature optimum for 
the genus Pseudomonas. It has a yellow to grayish color 
in agar colonies, fails to produce acid or gas from glu- 
cose and fails to reduce nitrates to nitrites. These 
properties are not characteristic of Pseudomonas. How- 
ever, the culture was originally isolated from sewage, 
where the average temperature was around 22 C, then 
after isolation, the temperature of the trickling filter 
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Fic. 3. Photomicrograph of Pseudomonas X54 grown for 

24 hours on tryptone glucose extract agar at 54 C (xX 1100), 
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was gradually brought to 54 C in the presence of phenol, 
The temperature optimum of the culture may have 
been influenced by this treatment. In other properties, 
the morphology, gram stain, motility, aerobiosis, and 
origin from water, the culture is typical of the genus 
Pseudomonas. 

The culture does not correspond to the species of 
Pseudomonas listed in Bergey’s Manual of Determinativ 
Bacteriology (Breed et al., 1948). The binomial Pseudo- 
monas phenolis is suggested for the culture. 

The growth of Pseudomonas X54 on other compounds. 
Fourteen compounds including phenol were tested as 
sole sources of carbon. Washed cells of the organism 
were placed in Erlenmeyer flasks containing 200 ml of 
salt solution medium and 2 X 10-* moles of the tested 
compound and the flasks were incubated at 48 C. Table 
1 represents the results of this experiment indicating 
the vast potentialities of this organism to metabolize 
compounds other than phenol as a sole source of carbon. 
As indicated in table 1, some compounds formed dark- 
colored complexes which did not appear until the tem- 
perature of the flasks was raised to 48 C. Evidently 
this may be due to the highly reactive nature of the 
hydroxy! group in the ortho and the para positions on 
the benzene ring. Kramer and Doetsch (1950) used hy- 
droquinone and quinone while Sleeper ef al. (1950) used 
catechol in their studies on the bacterial oxidation of 
aromatic compounds. Yet neither of the aforementioned 
authors reported encountering this difficulty, probably 
due to the fact that their investigations were done at 
30 C incubation. 


Effect of pH on growth and phenol oxidation. The 
effect of pH on phenol oxidation and on the growth of 
the Pseudomonas X54 in both salt solution medium 
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TaBue |. 7'he ability of Pseudomonas X54 to grow on 
various compounds in salt solution medium at 48 C 


| Growth after 


Days Allowing Visible Growth 5 Days 


Carbon Source 


Phenol 3 days 


Catechol A dark color was formed 
Resorcinol + days 44 
Hydroquinone A dark color was formed 
Quinone A dark color was formed 
Pyrogallic acid nie 4 
Phloroglucinol aS i 


++++* 


m-cresol + days ee eee 
Cyelohexanol = 44 
Benzoic acid 5 in 
Phenylacetic acid re we 
Salicylic acid a 
Aniline = jet 
Glucose l day -}--- 4-4 


*4444 = growth equal to or better than cells grown in 
2X 10-* moles of phenol per liter of salt solution medium; 
slight growth; — = no growth. 


— 


TABLE 2. The effect of pH on the growth and phenol 


oxidation of Pseudomonas X54 


Growth in Salt 


nH of Medium Solution Medium Growth in Phenol Conc. 
) } . 


and 250 ppm Nutrient Broth in ppm.t 
Phenol 
4.6 —* oe 190 
5.0 “ os 184 
5.5 = = + 140 
6.0 + SEE 3 11] 
6.5 +4 one 37 
7.0 +++ Gea ranaT 0 
7.5 ++ ++4+ 22 
8.0 + ++ 160 
8.5 — + 180 
9.0 — — 189 


* 


— = no growth; + = very slight; ++ = moderate; 
++++ = heavy growth, after 3 days’ incubation. 

+ Phenol concentration in ppm after 3 days’ incubation at 
544 C in salt solution medium containing 200 ppm phenol. 


with phenol and in nutrient broth is shown in table 2. 
Flasks containing buffered nutrient broth or salt solu- 
tion medium with 200 ppm phenol were prepared hav- 
ing initial pH values ranging from 4.5 to 9.0. The flasks 
were inoculated with an active culture using 2 per cent 
inoculum of the organism and incubated at 54 C for 3 
days. At the end of the incubation period phenol analy- 
ses using Hill and Herndon method (1952) were per- 
formed on the salt solution medium containing phenol. 
The results indicated that the optimum pH for both 
the growth of the organism and the phenol oxidation 
ranged from 6.5 to 7.5. 

Tyrosine as a possible source of carbon and nitrogen. 
This experiment was conducted to investigate the abil- 
ity of the Pseudomonas organism to grow on an aromatic 
amino acid as a sole source of carbon and nitrogen under 
both aerobic and anaerobic conditions. Salt solution 
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TABLE 3. The utilization of tyrosine by Pseudomonas 
X54 in salt solution medium incubated at 64 C 


| Time of Incubaion 


Oxygen Tension oa ate Poor 9 
| 1 day | 5 days 
DN ois acs, | +4+4+++¢ | +4+4++ | Negative 
Anaerobic. ... 56 s6ace. | _ ++++4 Negative 


* Phenol analysis was made at the end of every 24 hours’ 
incubation. 

+ Growth equal to or better than cells grown aerobically in 
2 X 107% moles of phenol in a liter of salt solution medium. 


medium containing 2 X 10~* moles of tyrosine per liter 
of solution was used. The results shown in table 3 indi- 
cated that the organism can grow actively under aerobic 
conditions and very slowly under anaerobic conditions. 
It was also found that this aromatic amino acid can 
replace the ammonium phosphate in the salt solution 
medium as a source of nitrogen. Daily analyses of 
phenol in tyrosine salt solution medium failed to detect 
its presence under either aerobic or anaerobic condi- 
tions, indicating that phenol is not an end product in 
the metabolism of tyrosine by the Pseudomonas strain. 

A dark compound was observed during the aerobic 
oxydation of tyrosine probably due to melanin (Green- 
berg, 1951). 

Manometric studies. Warburg manometric techniques 
were used at 46.5 C to secure information on the mecha- 
nism of phenol oxidation by the Pseudomonas culture. 
Cells grown in 250 ppm phenol in salt solution medium 
were tested against the following compounds using one 
micromole of each: m-cresol, catechol, phenol, resorci- 
nol, benzoic acid hydroquinone and quinone. The results 
(figure 4) show three different types of activity against 
these various substrates; those having the same rate of 
oxygen uptake as phenol, those with a similar rate to 
the endogenous, and those with a lower rate of oxygen 
uptake than the endogenous. The slightly lower activity 
in resorcinol, by phenol-grown cells, may be due to in- 
hibition. Catechol showed a more rapid rate of oxygen 
uptake than phenol which might be explained on the 
basis of the toxic effect of phenol. Fogg and Lodge 
(1945) reported that catechol had a phenol coefficient 
of 0.5. This toxic effect was more pronounced at a high 
concentration of phenol while 2 micromoles of phenol 
showed some inhibitions; 20 micromoles of phenol de- 
creased oxygen uptake to that of the endogenous (fig- 
ure 5). 

Results in a previous report (Hamdy et al., 1954) 
have established that the presence of lactose inhibited 
phenol oxidation by the Pseudomonas culture, probably 
due to competition in adaptative enzyme production. 
Accordingly, it was advisable in a biological treatment 
of the phenolic waste, to use media free from carbon 
sources other than phenol to accomplish phenol oxida- 
tion more effectively. The following experiments were 
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Fic. 4. The oxidation of m-cresol, catechol, phenol, re- 
sorcinol, benzoic acid, hydroquinone and quinone (1 micromole 
of each) by cells of Pseudomonas X54 grown on salt solution 
medium containing 250 ppm phenol as the sole source of 
carbon. 


conducted to investigate manometrically this observa- 
tion. 

Cells of the Pseudomonas strain grown in salt solution 
medium with 250 ppm phenol were tested manometri- 
cally on a mixture containing one micromole of phenol 
and one micromole of glucose. The results (figure 5) 
indicate a marked increase of oxygen uptake over that 
of one micromole of phenol alone. Cells grown on either 
salt solution media with glucose or nutrient broth me- 
dium with and without phenol, when tested against 
various concentrations of phenol (1, 2 and 20 micro- 
moles), one micromole of glucose and a mixture of glu- 
cose and phenol (one micromole of each), were unable 
to oxidize phenol or glucose at any appreciable rate 
above the endogenous. 


Discussion 

A Pseudomonas strain has been isolated from a trick- 
ling filter operating at 54 C for the treatment of phe- 
nolic wastes. Domestic sewage is apparently the natural 
habitat for this organism which was selected to resist 
high concentrations of phenol and consume this aromatic 
compound, as a sole source of carbon, at a relatively 
high rate (Hamdy et al., 1954). A neutral pH was found 
to be optimum for both growth and phenol oxidation. 
The organism grows readily on ordinary laboratory me- 
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Fic. 5. The oxidation of various concentrations of phenol, 
mixture of phenol and glucose (1 micromole of each) and 
glucose by cells of Pseudomonas X54 grown on salt solution 
medium containing 250 ppm phenol. 
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dia at room temperature, 37 and 54 C with the latter 
appearing to be more favorable. It can grow on tyrosine 
and certain other aromatic compounds as a sole source 
of carbon indicating ability to grow on various ring 
compounds. The growth of the Pseudomonas culture on 
tyrosine and the appearance of a dark colored end 
product, probably melanin, suggests that this bacterium 
has the tyrosine-tyrosinase enzyme system. It should 
be stated that this dark end product was noticed only 
in the aerobic culture. 

Morphological and biochemical characteristics of this 
strain showed that it belongs to the genus Pseudomonas, 
but does not correspond to species reported in Bergey’s 
Manual (Breed et al., 1948) probably due to the selec- 
tion in the presence of phenol. 

Manometric studies showed that the most probable 
pathway for phenol oxidation by this organism is simi- 
lar to those previously reported by Kilby (1948 and 
1951), Evans (1947), Stanier (1948), Sleeper and Stanier 
(1950), and Stanier et al. (1950) with one exception. 
These investigators did not discuss the possibility of 
resorcinol, an isomer to catechol CsH,(OH)s, as a pos- 
sible intermediate during the phenol oxidation by cells 
grown on phenol. The present study showed this possi- 
bility may also exist. 
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The cells of this organism when grown on glucose 
salt solution medium, with and without phenol, failed 
to take up oxygen at a significant rate when phenol was 
added as a substrate, indicating that adaptive enzymes 
are responsible for phenol oxidation (Hamdy et al., 
1954). Cells grown on salt solution medium containing 
phenol showed no activity when tested on glucose; a 
mixture of phenol and glucose was oxidized at the same 
rate as phenol alone. After 35 to 40 minutes, when the 
phenol had presumably been oxidized, some oxygen 
uptake was still occurring. 

The minimum theoretical amount of oxygen required 
to completely oxidize one micromole of phenol is 157 
microliters. When Warburg experiments were observed 
for a long time, the phenol grown cells were able to 
consume almost the required amount of oxygen pre- 
viously mentioned, for complete phenol oxidation, 
after subtracting the endogenous, indicating the fission 
of the benzene ring of the phenol during the oxidation 
process. 

It should be stated that a yellow color was observed 
in the trickling filter during the phenol oxidation. This 
color intermediate compound disappeared shortly after 
complete oxidation of phenol. No attempts were made 
to identify this yellow-colored compound. Kilby (1951) 
has reported that slightly yellow medium was observed 
after inoculation and incubation of the vibrio culture 
in mineral salt medium containing phenol. 


SUMMARY 


A phenol-oxidizing bacterium has been isolated and 
identified as a strain of Pseudomonas. Morphological 
and biochemical characteristics have been reported. The 
ability of this culture to grow on and oxidize other aro- 
matic compounds was investigated; manometric stud- 
ies revealed that phenol oxidation by this strain is ac- 
complished by adaptive enzymes. We suggest the name 
Pseudomonas phenolis. 
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The circumstances which, during the past 10 years, 
have led to the increasing use of textile fungicides in 
combating microbiological attack, chiefly on cotton tex- 
tiles, have been fully covered in numerous scientific and 
technical papers and reports published during that pe- 
riod. It is not, therefore, the purpose of this paper to 
dwell on the background of this subject except to note, 
in passing, that there is now widespread interest in the 
development, testing and mechanism of action of the 
various chemical substances and treatments which are 
considered to have merit as textile fungicides. 

In considering ways and means of imparting to a tex- 
tile material a particular functional characteristic, such 
as resistance to microbiological attack as obtained by 
a particular fungicidal treatment, it is natural and pos- 
sibly, inevitable, that some of the auxiliary effects aris- 
ing from the treatment will be overlooked and _ this 
paper discusses some of these effects. 

Because textile fungicides are applied to fabrics which 
will be used outdoors, it is of interest to consider the 
part that these fungicides play, with respect to the over- 
all deterioration which fabrics, used in this way, can 
undergo. 

The two main deteriorating agencies concerned are 
sunlight and microbiological attack. There are others, 
such as the effect of elevated temperatures and of re- 
peated wetting and drying, but until we have a clearer 
picture of the interplay of effects which go to make up 
the complicated process known as ‘“‘weathering,” it is 
only possible to give a partial assessment of the suita- 
bility, or otherwise, of a given fungicidal treatment. 

Since 1945, the Textile Research Section of the Na- 
tional Research Council of Canada has carried out work 
in the field of the microbiological deterioration of textile 
material for the Canadian Armed Services and this 
paper presents a discussion of some of the auxiliary 
effects of textile fungicides chiefly with respect to their 
ability to suppress or enhance chemical damage during 
weathering. 


1 Paper read at meeting of the Society of Industrial Micro- 
biology, Michigan State College, East Lansing, Michigan, 
September 7, 1955. 
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Much of the earlier work in this field has had as its 
object the investigation of the chemical damage which 
results when cotton, dyed with certain dyes, is exposed 
to sunlight (Scholefield and Patel, 1928). This phe. 
nomenon seemed to be characteristic of certain orange, 
yellow and red vat dyes, and it was first believed thai 
the energy of only the short-wave radiation, that is, in 
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it has 
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the blue and ultraviolet region of the electromagnetic nan 
spectrum, was concerned in the effect (Landolt, 1933).} the for 
Subsequent work has shown that radiation in the visi- and wh 
ble part of the spectrum can also cause tendering and it loge. 
is now recognized that radiation of any wavelength can} q¢ wi 
cause degradation of cellulose and other fibers provided tion re 
it is absorbed, in sufficient amount, by the fiber and the} pye or 
energy content is sufficiently high. radiati 
The portion of the spectrum involving solar radiation | present 


is from 1500 A in the ultraviolet region through the | 
longer wavelengths comprising the visible spectrum| 0 
(4000 to 8000 A) and extending beyond this, into the| 





infrared, up to 40,000 A Bee: 

Most investigations have been concerned with the} are us 
ultraviolet region (1500 to 4000 A), in as much as the ing th 
higher energy content of this region suggested that! yre of 
photochemical reactions would occur more readily here. | achie, 
Much of the published data is contradictory, doubtless pound 
due to such factors as the experimental difficulty of re- ple, f 
stricting the radiation used to reasonably narrow re-} times 
gions of the spectrum, the variable nature of some of the} treaty 
light sources used, and to solarization effects on light} fairly 
filters. one c 

Other complicating factors have been the effects of Tal 
water vapor and of oxygen. It was previously considered} jtems 
that the presence of oxygen was necessary to obtain} [t al: 
breakdown of cellulose exposed to light, this belief re} than 
lating to the observation that the breakdown products appre 
of cellulose produced in this way have the properties sunli 
of the so-called reducing type of oxycellulose. However, pecte 


it has been shown by Heuser and Chamberlain (1946)| mod 
that this is not the case and the more recent work of| It 
Egerton (1949) has done much to resolve some of the) tent 


difficulties of this complex matter. of th 
Egerton’s work gives a reasonably satisfactory basis! resis’ 
for the current belief that the breakdown of cellulose Fy 
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caused by light operates through two more or less dis- 
tinct mechanisms, depending upon the particular re- 
gion of the electromagnetic spectrum in which the ex- 
posure ismade. Inthe far (short-wave) ultraviolet region, 
for example, 2535 A, the effect is one of photolysis 
involving absorption of energy by the cellulose with ulti- 
mate rupture of the carbon-to-carbon and carbon-to- 
oxygen bonds, a process which, in itself, does not re- 
quire the presence of oxygen, although some of the 
degradation products may be capable of undergoing 
oxidative degradation subsequently. In the near ultra- 
violet region, for example, around 3400 A, and in the 
visible region of the spectrum, the above process can 
also occur, but at a reduced level owing to the lower 
amounts of energy received by the cellulose. 

it has been shown that the degradation produced by 
the presence of certain vat dyes does not occur in the 
far ultraviolet region but does occur in the near ultra- 
violet region. According to Egerton’s theory, this proc- 
ess is one of photosensitization involving the production 
of active oxygen and/or hydrogen peroxide to which 
the former gives rise in the presence of water vapor 
and which leads to the oxidative degradation of the cellu- 
lose. 

It will therefore be obvious that, insofar as degrada- 
tion resulting from exposure to sunlight is concerned, 
one or both of these mechanisms may operate, since 
radiation in both the near and far ultraviolet regions is 
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Other Textile Treatments with which Fungicides 
are Associated 

Because most textile materials with which fungicides 
are used are designed for use outdoors, it is not surpris- 
ing that most of them are required to have some meas- 
ure of resistance to water penetration. This is usually 
achieved by treatment with some hydrophobic com- 
pound such as a wax. Additional treatments, for exam- 
ple, for flame resistance or for control of color are some- 
times required and in instances, the total 
treatment to which the fabric is subjected comprises a 
fairly complex mixture in which the fungicide is only 
one component. 


some 


Table 1 gives a list of some of the commoner textile 
items to which it is advantageous to apply a fungicide. 
It also shows the extent to which properties other 
than mildew resistance are required together with an 
approximate assessment of the severity of exposure to 
sunlight to be expected. In all cases it would be ex- 
pected that exposure to water, chiefly as rain, will be 
moderate to high. 

It will be noted that in most cases the probable ex- 
tent of exposure to sunlight is high; also, that, for many 
of the more important items, it is possible that water- 
resistant and flame-resistant finishes will be present. 

From the viewpoint of practical application it may 
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TABLE 1. Classification of textile items (cotton or 
other cellulosic fiber) used outdoors and requiring 
the use of a textile fungicide 


Probable Extent 
of Exposure to 


Sunlight 
S = | 4 
81s | = 
PONG io oo clcoisis cchk cea \| b= 
| x 
Motor vehicle-covers. . | *(WR), (WR + P), 
f (WR + FR), or 
ACE: a | (WR + FR + P) x 
WOUDIIGBi.. «5556.50.55! x 
DANCUAES ES oes wna) x 
yi ) x 
Fabrics for outdoor fur-| (WR) or (WR + P) 

Nh) eh oc x 
Shade cloths for plants. . — x 
Bite WOGO .: e025 cs « - x 
CORURRE. foes eo iceien cee (WR) > 
Pishimgigear oe oss — ee 

*WR = water-resistant treatment; FR = flame-resistant 


treatment; P = colored pigment 


therefore be said that fungicides will be used as the sole 
treatment on a limited range of fabrics, for example, 
shade cloths and fire hose, but that in the great major- 
ity of cases they will be used in conjunction with water- 
resistant treatments or with both water- and flame- 
resistant treatments, with or without the addition of 
colored pigments. 

It is therefore of interest to study the behavior, on 
weathering, of textile fungicides under the following 
conditions: In the absence of any other finish;? in the 
presence of water-resistant treatments; in the presence 
of water-resistant treatments plus pigment and filler; 
and in the presence of water-resistant treatments, pig- 
ment, filler plus flame-resistant treatments. 

The following section gives the results obtained with 
a number of fungicides examined with respect to all of 
the above conditions except the presence of flameproof- 
ing treatments. The results of work done elsewhere on 
flameproofed material have shown that the results are 
not substantially different provided the ingredients used 
to impart flame resistance do not in,themselves contrib- 
ute to the deterioration of the fabric. 


Data ON WEATHERING CHARACTERISTICS OF 
TEXTILE FUNGICIDES 
The methods used in applying the treatments to 
fabric and the description of the fungicides used have 
already been published (Bayley and Weatherburn, 


2 The term ‘‘finish’”’ is used in the textile sense throughout 
this paper. It refers to the practice of applying chemicals or 
chemical treatments to the textile material in order to impart 
certain functional characteristics, for example, water re- 
sistance, mildew resistance, flame resistance, and so forth. 
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TABLE 2. Weathering behavior of mineral dye and cuprammonium treatments 50 
g Pp 
| | " . ie 
Content of Compound | eneiies Reig Increase in | Loss of Compound 2 
Cupram- ' 
Treatment ee ee ae ee a a: reaewrPry  Wenshened — ee Re f. 40 
. _ | uried 2 | Weathered) Fluidity . a . 
| CreOs FeO; | CuO ie Lanpathe Cr2O; | Fe20s CuO | 
oe a aie Lend eat Pe ae 3 a z 
| % % % % % rhes % | % % | 4 8 30 
TT | > ¢ « ad | y w 
Untreated control — — -— 98 42 13.5 ~~ ee - | (Bayley and Weather. € 
burn, 1947) e - 
Chromic oxide alone 0.98 — - 100 26 wn 2; i — — é 
Ferric oxide alone ; — 1.23 — 100 28 12.2 — 0 — a 
. a ee a. @ = « 
Chromic oxide + ferric | 1.28 | 0.70 — 88 9 4.2 0 | O —- (Bayley and Weather. * oh 
oxide (mineral dye) burn, 1947) 
1.00 0.80 — 100 17 5.0 7 | Bs — | (Bayley and Weather. 1 
| burn, 1948) 
0.63 0.94 = 93 18 5.6 — | — — | (Bayley and Rose, 1954) ° 
Cuprammonium — — | 1.41 0 39 | 12.7 —- |} — 49 | (Bayley and Weather. 
| burn, 1947) Fic. 1 
| 
ies = oe - ‘a ——— “os 7 strength 


TaBLE 3. Weathering behavior of mixtures of inorganic 
chromium and copper* 








| 


; 
| Content of Breaking 








E + 

Compound Strength Loss| .2 5 

Molar | § &, 

—_—___—__ Ratio "| Se |e& he 

Treatment CrOs 2 BZ , Be rs} 

. CuO | BS | £8 | SBE] So 
Glo)” | SE | se | Ese] 2d 

0 | 0 aS ier 1 S 

% | % % % | rhes % 

Untreated control —|— - | 100 | 51) 14.2) — 
Chromic oxide plus |0.160.20) 0.42 | 95) 25); 8.0 66 
copper carbonate 0.76/0.11) 3.60 | 97 16) 6.3) 51 
(low-copper) 1.160.09 6.74 96) 16 7.2 26 
Chromic oxide plus 0.140.66, 0.11 7 | 31) 10.1| 82 
copper carbonate |0.860.60) 0.65 47 13) 5.7) 49 
(medium-copper) 1.2910.61) 1.10 | 68; 10) 5.4) 31 
Chromic oxide plus 0.101.30) 0.04 | 37 2 | 12.2) 86 
copper carbonate (0.781.16 0.35 | 11 9| 5.9) 58 
(high-copper) 1.45)1.21] 0.63 | 11 | 13] 5.2) 36 





* Literature reference (Bayley and Rose, 1954). 


1945, 1947, 1948; Bayley and Rose, 1954). The refer- 
ences cited also give details of the method used for 
exposing the samples to weathering and for evaluating 
the physical, chemical and fungicidal properties of the 
treated fabrics before and after weathering and for 
measuring the extent of deterioration caused by weath- 
ering. 


Behavior of Fungicides When Used Alone 


Inorganic treatments. The practice of treating cotton 
duck to be used in the manufacture of tentage with 
mixtures of chromic and ferric oxides for imparting 
resistance to microbiological attack is one of long stand- 
ing. Fabric treated in this way is known as “mineral 
khaki” and the process termed “mineral dyeing.” It has 
been widely used in Britain. The other long-used inor- 
ganic treatment is the cuprammonium process in which 
the cotton fabric is passed through a dilute solution of 


cuprammonium hydroxide which produces a partial ; 
gelatinization of the fabric surface and the retention of | wa 
some of the copper by the fabric. mineral 

Table 2 shows some of the data obtained with these | St" 
treatments. It will be seen that the mineral khaki treat- | °°PP® | 
ment gives considerable protection against actinic | oxid 
breakdown, but is not very effective in preventing mi- sample 
crobiological deterioration under the conditions of se- oxide ; 
vere contamination such as may occur with tentage, consid 
The treatment shows a high degree of permanence dur- shown 
ing weathering. to abo 

The cuprammonium treatment shows a considerably The 
greater fungicidal efficacy but relatively poor perma- breaki 
nence. The fluidity data show that it affords less pro- | “'Y® 
tection against actinic breakdown. levels. 

For the above two inorganic treatments, therefore, served 
it will be seen that the first provides good protection low- 
against actinic breakdown but poor resistance to severe molar 
microbiological attack. The second provides good ini- careft 
tial fungicidal properties but, on weathering it loses its and . 
copper fairly rapidly, thus decreasing the resistance of of 19% 
the treated fabric to microbiological attack. Moreover, to be 


; . Re 
the treatment does not provide any marked protection 

S ee descr 

against actinic breakdown. : 
‘ : : ' ; . | whicl 
Obviously, it would be desirable to find an inorganic (Dea 

. . . . ¢ 
treatment which would provide protection against ac- Or 
tinic breakdown and a high level of resistance to micro- have 
biological attack both initially and after weathering. ent 
Such a treatment seems to be provided by using a ona 
mixture of chromic oxide and copper carbonate and phen 


data taken from this work are shown in table 3. The Of 
effectiveness of such treatment was suggested in work | been 
published in 1948 (Bayley and Weatherburn, 1948) and | with 
confirmed more recently (Bayley and Rose, 1954). com 

The treatments shown fall into three categories of | text 
low, medium and high contents of copper respectively. | of v 
It will be noted that, in all cases, the loss in breaking | Pare 
strength produced by weathering is very much lower | °it 
than that of the untreated control, and these losses fun, 
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Fic. 1. Effect of the ratio of Cr,O; to CuO on the breaking 
strength loss of unbleached cotton duck exposed to weathering. 


are, in certain cases, lower than those obtained in the 
mineral dye treatments (table 2). In addition, the 
resistance to soil burial is satisfactory in the two high- 
copper samples containing 0.78 and 1.45 per cent copper 
as oxide. The losses of copper on weathering, in the 
samples containing 1.29 and 1.45 per cent copper as 
oxide were 31 and 36 per cent respectively, which is 
considerably lower than the 49 per cent loss of copper 
shown by the cuprammonium-treated sample referred 
to above (table 2). 

The above data may be plotted on the basis of 
breaking strength vs. molar ratio Crx0;:CuO, the three 
curves representing the low-, medium- and high-copper 
levels. These are shown in figure 1 in which it is ob- 
served that the points of inflexion for the curves for 
low- and medium-copper appear to occur around a 
molar ratio of unity. In order to check this point more 
carefully, a further series of treatments was prepared 
and subjected to weathering tests during the summer 
of 1954. The data obtained show the points of inflexion 
to be at the molar ratio of CreO3:CuO = 1. 

Reference should be made to two other recently 
described inorganic treatments containing chromium 
which appear to show promise; namely, lead chromate 
(Dean et al., 1946) and copper chromate (Block, 1949). 

Organic treatments. Of the organic fungicides which 
have been used on textiles, the most important are 
certain organo-metallic compounds of copper and zinc 
and the compound 2,2’-dihydroxy-5,5/-dichloro di- 
phenylmethane. 

Of the copper compounds, copper naphthenate has 
been used for many years and this compound together 
with zine naphthenate and salicylanilide were the only 
commercial compounds which had been evaluated as 
textile fungicides prior to World War IT. As the result 
of war needs, copper naphthenate, because of its com- 
paratively high fungicidal potency and despite its 
objectionable odor, was put into wide use as a textile 
fungicide. Two auxiliary effects which it shows are of 
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TABLE 4 


Effect of content of copper naphthenate on the breaking strength 
produced on weathering 














Content of Copper Breaking Strength Loss 
% % 
Untreated control 51 
0.08 36 
0.23 40 
0.33 48 
0.66 62 











Fabric—unbleached cotton duck; time of weathering—5 
months. 


interest. These are the extent to which it enhances 
actinic breakdown of cotton and the effect of water 
leaching on its fungicidal efficacy. 

There has been considerable argument regarding 
the enhancement of actinic breakdown of cotton, and 
it may be of interest to give some of the data which 
have been obtained in numerous investigations in this 
laboratory. The data given in table 4 are typical of the 
mass of data obtained. They illustrate the repeated 
observations that the presence of copper naphthenate 
in amounts corresponding to 0.3 per cent copper or 
less does not result in breaking strength losses greater 
than that shown by the untreated control but, rather, 
exert some protective action. This effect has been 
noted with all organic copper compounds so far tested, 
with the exception of the oleate, linoleate and tallate. 
The use of these latter compounds has resulted in 
breaking strength losses greater than those of the un- 
treated controls, but this is believed to be due to the 
induced oxidation of the cellulose resulting from the 
progressive oxidation of the unsaturated portions of 
these compounds. Where the organic portion of the 
molecule contains no unsaturation, as in copper naph- 
thenate and copper 8-hydroxyquinolinolate, this effect 
is not noted. 

A property of copper naphthenate which is related 
to its fungicidal efficacy is its tendency to undergo 
partial hydrolysis with marked reduction of fungicidal 
efficiency. This effect was first noted in this laboratory 
in 1944 when it was found that samples of cotton 
osnaburg, used in the manufacture of sandbags and 
treated with a mixture of copper naphthenate and 
creosote, showed a greater tendency to underge micro- 
biological attack in a 2-week soil burial test if subjected 
to a 24-hour leaching treatment prior to the soil burial 
test. 

The data shown in table 5 illustrate the effect which 
seems to be a general one, related to the loss of naph- 
thenic acid on the partial hydrolysis of the compound. 
Since the naphthenate portion of the copper naphthe- 
nate molecule exerts considerable fungicidal action, © 
the loss, through hydrolysis on leaching, of a portion 
of it would be expected to lead to an overall reduction 
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TABLE 5 
Effect of prior leaching on resistance to soil burial (cotton fabrics 
treated with copper naphthenate) 





Breaking Strength Loss due to 
Soil Burial 











. Approximate 
Fabric Initial Content , 
of Copper Sample un- " wy 
leached prior come benched 
ko barks’ prior to buria 
ne scien | ace rin 9 4 ay of a 4 
/0 /€ /0 
No. 8 unbleached cot- 0.3 0 44.2 
ton duck 0.8 0 19.5 
Cotton osnaburg 0.3 0 61.8 
0.8 0 | 22.8 
TABLE 6 


Effect of leaching on solvent-solubility of copper naphthenate 
on cotton fabrics 
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TABLE 7 
Fungicidal and weathering properties of copper 
8-hydroryquinolinolate 


Before Leaching 


After Leaching 


Total Total ser “eed 
5 copper copper) cj). 
Fabric Content) in (Content 4 pow. 
of jsolvent-. of  |solvent- Cor a 
copper in- copper in- eet 
soluble soluble 
form form 
i % | % | % | ® | 9% 
No. 8 unbleached cotton 0.31 23.2 | 0.28 | 46.4 23.2 
duck 0.76 4.7 | 0.70 | 18.6 13.9 
Cotton osnaburg 0.29 | 19.7 | 0.23 | 49.1 29.4 
0.72 | 22.2 | 0.71 | 46.5 24.3 
Cotton sheeting 0.28 | 23.6 | 0.26 | 46.2 | 22.6 


of fungicidal efficacy. Copper naphthenate, as produced, 
is soluble in petroleum solvent but when it undergoes 
partial hydrolysis, the reaction product, which is prob- 
ably a basic form of the compound, is insoluble in 
solvent. Hence by measuring the amount of solvent- 
insoluble copper on the fabric before and after leaching, 
it is possible to estimate the extent of hydrolysis which 
has occurred. This is shown in table 6 where it is also 
seen that there is some evidence of hydrolysis in the 
compound as first applied, that is, before leaching. 
This must be attributed to the fact that moisture in 
the air and the regain moisture present in the fabric 
can give rise to hydrolysis. Support of this view is 
furnished by the fact that the hydrolysis effect is very 
much reduced if the naphthenate is applied in con- 
junction with wax. 

Copper 8-hydroxyquinolinolate. While the fungicidal 
properties of this compound have long been known, it 
is only in the last few years that it has been widely 
applied in the textile field (Benignus, 1948). It can be 
applied in the form of a water or solvent emulsion or, 
less conveniently, by a 2-bath process in which the 
fabric or yarn is treated successively with an acetic 
acid solution of 8-hydroxyquinoline, squeezed to re- 
move excess of the solution and then passed into a 
solution of a copper salt, for example, the acetate. A 


: 

| | | Breaking Strength | Jp. 

| ® | Loss | crease 

: | = | Method of eer a po 

Compound | se | Application | Ban a+ | > 2 |monium 

S | of Compound jog» Byul ts |Fluidity 

| o | les SeSiSel ym, 

| = $22) 522] a= | Weath. 

H Bes 

| % | % | % | % | he 

Untreated control! 100 | 100 | 54 | 16.3 

Copper-8 0.03, Aqueous dis- 0 | 10 | 39) 15.9 

0.09} persion, 1- 0 0 | 33 | 12.7 

‘(0.12 bath 0 0 | 33 | 107 

0.19 0; Oj} 29) 11.5 

Copper-8 ‘“‘solu- 0.04) Solvent solu 0 0 | 26 | 12.3 

bilized’’ 10.09} tion, 1-bath | 0 0 | 27 | 12.8 

0.13) 0 0 | 33 | 12.1 

(0.19) 0 0 | 31 | 10.9 

Copper naphthes 0.57) Solvent solu- | 31 | 69 | 34 | 15.9 

nate 11.02) tion, 1-bath | 26 | 67 | 36 16.0 
1.54) 0| 52 | 42 


18.6 
reversal of the order of these two baths has been found 
to give greater control of the pick-up of copper by the 
fabric. More recently, preparations of the compound in 
solubilized form (U. 8. Patents 2,561,379 and 2,561, 
380) have become available. In this form it is soluble 
in cheap solvents, for example, Stoddard solvent, and 
‘an be conveniently applied from these and from 
aqueous emulsions of solvent containing the compound. 

The comparatively high fungicidal potency of the 
compound in comparison with copper naphthenate is 
shown in table 7. Of equal interest is the fact that it 
seems to provide considerable protection from actinic 
degradation. 


Permanence to Weathering of Organic Fungicides When 
Used Alone 

The one shortcoming of the organic fungicides when 
used alone is their relatively poor permanence to 
weathering. Without exception, they are removed from 
the fabric fairly quickly. This rapid removal can be 
largely overcome by the application of the fungicide in 
conjunction with a protective agent such as a wax. 
This is discussed in the next section. 

Effect of Fiber Constituents 

In fungicidal treatments involving the application 
of metallic compounds in inorganic or organic form, it 
is of interest to consider the possibility of auxiliary 
effects which relate to the fact that the fibers to which 
the compounds are being applied do not consist of pure 
cellulose. The cotton fiber contains around 95 per cent 
cellulose which is a higher proportion than in any of 
the others concerned. This is an over-all percentage, 
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however, and it should be noted that the content of TABLE 8 
cellulose in the primary wall of the fiber has been shown Retention of copper fungicides by unscoured flax fabric under 
—1 (Tripp ef al., 1951) to be around 55 per cent, the conditions of severe water leaching "eae 
am balance being made up of protein (14 per cent), pec- | Content of Copper | | Loss in Breaking 


Cu | tie substances (9 per cent), wax (8 per cent) and |———__———_|_ Loss of treagth of 


5 Copper | Sample Subjected 
pram- Compound After sbgrse spe 
monium # minor amounts of other substances, for example, ash Initial | ching | peaching | fie 

uidity er 60 Leaching 
wt, | and cutin. ae days | annus 
ering In fibers such as flax and jute, the amounts of these | % y | @ | 
— : eee . . a 3 , | ae a 

hes noncellulosic materials are still greater, and it is known Copper naphthenate | 0.42 | 0.375 | 11.8 0 
16.3 | that many of them have the power of combining with | 1.04 | 0.985 | 5.3 | 0 

" : F . . ° . | | 9 

metal ions, this being the case with pectins (Heuser, 1.40 | 1.215 | 13.2 0 

15.9 47) « proteins. Cellulose itself has some power to 
nen 1947) ind | , ' as some power t Copper-8 0.036 | 0.027 , 25.0 0 
ny combine with cations, by virtue of carboxylic groups in | 0.082 | 0.066 19.5 0 
n5 the cellulose chains. The extent to which such groups | 0.185 | 0.143 | 22.7 0 

, are present will depend on the chemical history of the ea a ee a aaa ici 
12.3 cellulose concerned, but, in general, it may be con- TABLE 9 


12.8 | ¢luded that the chief mechanism through which cellu- 





























12.] ge : 2 : : ees" ‘ Effect of scouring on the retention of copper fungicides from 
og | losic fibers combine wit h cations is through the medium cotton, flax and jute fabrics 
of their noncellulosic constituents. eam ele ities a ge en eee 
15.9 In the textile processing of fibers such as cotton and | | | penne | Loss of Copper 
16.0 linen, the amounts of these noncellulosic constituents Fiber | Condition of | Compound taal 4 eS, 
18.6 are sometimes drastically reduced. In fully bleached | | ences Went oo" 
~~ | eotton, for example, their amount has been reduced to — i |__| ———— 
und } jess than 1 per cent and a somewhat smaller reduction ir ree: Lee ” | 7 
’ the Siete ge ; arte Cotton | Unbleached | CuN 0.57 95 5 
: may also occur where unbleached cotton is subjected | Cus 0.12 75 93 
d in to wet processing at elevated temperatures, as in | CuO 0.76 91 3 
61, - dyeing. | -— ~|_____|_- 
uble To date, little or no attention has been given to this Cotton | Scoured CuN 0.57 96 2 
and | effect, although it obviously has an important bearing Cus 0.2 ” % 
trom | on the decision as to whether or not it is advisable to a Biante ae = : 
und. carry out any type of pretreatment, such as scouring, Cotton Seoured and | CuN 0.58 98 24 
the dyeing, bleaching, and so forth, on a fabric to which a bleached Cu8 0.12 100 38 
: IS} metallic-type fungicide is to be subsequently applied, | CuO 0.45 | 100 7 
ut it it being obvious that any such pretreatment should aaa es | EE a ee) ee Se Sokee 
‘inie be no he drastic than is man oe a 7 bar a : 
- Cu8& 0.03 27 33 
Some earlier work carried out in this laboratory CuO 0.25 35 16 
hen (Rose and Bayley, 1954) and dealing with the prolonged — —|— —| Pad a — 
leaching of flax forestry fire hose treated with copper Flax | Partially CuN 0.2 | 2 23 
he naphthenate and copper 8-hydroxyquinolinolate had wane mi me i pe 
ig given some indication that noncellulosic material pres- 2 Bean Pack, os aa: Pes 
ie ent in the fiber resulted in an increased retention of Jute | Unseoured CuN 0.61 83 10 
3 metal with consequent fungicidal protection of the Cu8 0.07 46 27 
. fabric. The data are shown in table 8. The conditions CuO 1.21 53 0 
ae of leaching used in these experiments were severe, each i eats cur a < a e i | 
sample being exposed to a flow of 10 liters per hour of | eae Cus 0.11 76 57 
water at 25 + 1.0 C continuously for 60 days. Under | | CuO | 1.99 | 7% | 5 
the circumstances the loss of copper is quite moderate oe --aemeeaeniamal 
an and is very much less than would be expected from a eT a eRe ee 
i cotton fabric. There is little doubt that this effect is i a ai si a ea se si “ bis ee ois _ a 
neni related to the greater capacity of unscoured flax to Re SEER: a OS Sy ee es 


a bind metal ions. fabrics. 

In further work on this problem a study was made 
of the retention, during weathering and during leach- 
al ing, of copper naphthenate (CuN), copper-8 (Cu8) and 
copper carbonate (CuO) applied to unscoured or partly Fungicides are often applied in conjunction with wax 
scoured and scoured cotton, flax and jute fabrics. The finishes on textile fabrics to be used outdoors, in order 





Behavior of Fungicides in the Presence of Water-Resistant 
Treatments 
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to impart water resistance and also that the wax may 
act as a binder for the fungicide and thus greatly 
improve its permanence to removal by weathering. 
The waxes used for this purpose are mostly of the 
petroleum type and while the form in which they are 
used varies, two main types of application may be 
recognized. 

In the first of these, the wax is present as a coating 
on the fibers on which it is deposited from a solvent 
solution of the wax or by the use of an aqueous dis- 
persion of the wax in a solution of aluminium acetate 
or formate. Here, the fungicide may be applied along 
with the wax in solvent-soluble or water-dispersible 
form. Such treatments are designed to give a fabric 
which retains a substantial part of its permeability to 
air, the degree of water resistance achieved being de- 
pendent largely on the fabric construction, which 
governs the size of the pores in it. 

In the second type of wax treatment, a heavier 
deposit of the wax is applied, usually in a wax-in-solvent 
application together with such fillers and pigments as 
may be required. The net result is a coating which 
covers the fibers and also fills the fabric pores to give a 
substantially water-impermeable finish having, also, 
a low degree of air permeability. In this type of treat- 
ment a solvent-soluble fungicide is incorporated in 
the treatment mixture and where the treated fabric is 
required to be flame resistant, such substances as anti- 
mony oxide, chlorinated hydrocarbons or resins and 
their adjuncts are also included. 

Sonsidering the effect of outdoor weathering on 
cotton fabrics treated by the above two methods, it 
will be apparent that, in regard to the extent to which 
the fiber is exposed to actinic damage, two broad cate- 
gories of damage may be foreseen. In the first, the 
fiber is protected by a comparatively thin layer of wax 
containing the fungicide; in the second, the actinic 
screening effects of the pigments, fillers, and so forth, 
may be considerable. That this latter protective effect 
does operate is now well established and in the absence 
of damage resulting from chemical tendering of the 
fibers, or embrittlement of the coating, resulting from 
an unwise choice of fillers or flame-retardant chemicals, 
the heavy, so-called plug-up treatment confers a high 
degree of protection to the underlying fibers. 

The data in this section will therefore be confined to 
the first-mentioned type of treatment involving appli- 
cation of the wax from a solvent solution, since this is 
widely used in Canada, for example, on tentage, awn- 
ings, webbings, and so forth. The primary object of 
the treatment is to impart resistance to water and to 
microbiological attack, and in view of the practical 
importance of waxing treatments, it has been cus- 
tomary to include in our studies on the weathering 
behavior of textile fungicides an examination of cotton 
fabrics treated with mixtures of fungicide plus wax. 
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The waxes normally used in commercial practice 
consist of petroleum waxes of varying physical char. 
acteristics or mixtures of these. In order to reduce the 
brittleness of the coating, especially where the treated 
fabrics will be subjected to low temperatures, it jg 
customary to include some low-melting or soft. pe- 
troleum wax of the type usually known as petrolatum, 
The wax mixture used in this laboratory consists of a 
mixture of cake paraffin wax (parawax) and petrolatum 
No. 2, in the proportion by weight of 75:25. This js 
applied to the fabric, from solvent, to give a content 
on the fabric of approximately 10 per cent. 

The studies carried out on the weathering character- 
istics of various textile fungicides have repeatedly 
shown that where the above mixture of waxes is used 
under conditions which exclude any appreciable degree 
of light screening, the losses in breaking strength of the 
waxed samples were found to be substantially greater 
than those of the unwaxed sample. This effect is also 
noted on samples containing no fungicide, with and 
without wax. 

In certain cases, this effect is accompanied by an 
increase in cuprammonium fluidity, but, in general, it 
has not been possible to show that the effect is related 
to increased chemical degradation of the cotton in the 
presence of wax except in the case of scoured or bleached 
fabrics which show a moderate increase in fluidity of 
the scoured samples and a substantial increase in the 
bleached samples when weathered in the presence of 
wax, as compared with unwaxed samples similarly 
exposed. Similar results with fully bleached fabric have 
been obtained with and without wax, in accelerated 
weathering exposures carried out in the Fadeometer. 

It may be thought that the reason for the increased 
breaking strength losses noted in the presence of wax 
may be due to physical causes such as interfiber lubri- 
cation. The application of wax does not cause any 
significant loss in breaking strength in the samples 
before weathering. This, together with the indications 
of chemical damage jin the case of the scoured and 
fully bleached samples, referred to above, suggests 
that the noncellulosic constituents of the cotton may 
be involved in this effect, which is being further ex- 
amined. Typical data illustrating the effect are given 
in table 10. It will be noted that the presence of copper-8 
tends to reduce markedly the severity of the effect, the 
reduction being less marked with copper naphthenate. 
This is in line with the observation, previously referred 
to, that copper-8 exerts a protective effect in weathering 
(see table 7). 

In connection with this effect it has been found that 
it is the soft petroleum wax constituent of the waxing 
mixture that gives rise to the enhanced breaking 
strength loss. This is clearly shown both from outdoor 
weathering data and also from data obtained in Fad- 
eometer exposures (see table 11). 
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TaBLeE 10. Increase in breaking strength loss caused by waterproofing waxes in presence of fungicide 
ah eteiaeina sega bn pecans oer meee eesarertante alga eciacantotscinttacL onset 
| Approximate | ‘ ees Loss in Breaking Strength on Increase in Cuprammonium 
| Ye Breaking Strength, Due t 7 i idi j i 
eee Vaan a aay of Original Unweathered Weathering na: j Fluidity on Weathering z 
(Copper) | | Unwaxed Waxed Unwaxed | Waxed 
— % | n> % | % | % sfx rhes rhes 
Unbleached cotton duck None No significant loss | 51 | 68 16.2 16.7 
Bleached cotton duck None | No significant loss | 40 70 16.4 27.5 
Unbleached cotton duck plus 0.05 | No significant loss 37 | 61 | 13.3 13.3 
copper-8 0.1 No significant loss | 38 54 | 12.1 13.0 
0.2 | No significant loss | 38 45 11.6 | 9.1 
Unbleached cotton duck plus 0.1 | No significant loss 36 57 | 10.1 | 11.9 
CuN 0.2 | No significant loss 40 56 13.1 | 11.9 
es | No significant loss | 4 | 5 | 187 


TaBLE 11. Effect of ‘‘soft’’ petroleum wax on breaking 
strength loss 





Loss in | Increase in 


; Type Content Breaking | Cupram- 
Fabric 0 ° Strength monium 
Wax Wax Fluidity on 


on 
Weathering| Weathering 


Weathering outdoors 





% % rhes 
Scoured cotton None _ 25 13.6 
duck Hard 10.9 25 10.3 
Soft 4-4 49 15.8 

Hard 8.2| 
» 10.9 52 eg 
Soft 2.7) 0 . 16.3 


Exposure to light in fadeometer 


Bleached cotton None 45 18.6 

nainsook Hard 10 44 18.5 
Hard 8.2| 

¢ ‘ 97.7 

Soft 2.7 10.9 63 ee 


TaBLE 12. Protective effect of waz-filler pigment treatment 
on cotton duck treated with copper naphthenate 


Breaking 


Content of | Strength Loss 


Treatment 


Copper on Weathering 
7 ———_—_|___— 
€ c 
ee ee 3 — 37 
Fungicide (CuN) plus wax plus 


pigment plus filler 


0.37 18.4 


Behavior of Fungicides in the Presence of Water-Resistant 
Treatments of the Wax-Pigment-Filler Type 


Treatments of this kind are widely used on such 
items as tarpaulins and motor vehicle covers. The word 
filler refers to the practice of incorporating inert in- 
organic materials such as tale or clay, in finely divided 
form, to increase the capacity of the treatment to seal 
or plug-up the fiber and yarn interstices in the fabric. 

Work carried out (Bayley and Weatherburn, 1946) 
on the weathering characteristics of cotton duck treated 
as above has shown that the screening effect of the 
pigment plus filler constituents is very marked, the 
effect of the wax in causing enhanced breaking strength 


13.8 
losses being no longer apparent. Typical data are given 
in table 12. 


SUMMARY 


In this discussion of some auxiliary effects of textile 
fungicides it has been shown that where the fungicide 
is used alone, good protection from actinic breakdown, 
from microbiological breakdown, and good retention 
of the fungicide by the fabric on weathering can be 
obtained with. mixtures of chromium and copper in 
inorganic form. 

The organo-metallic fungicides, in common with all 
organic fungicides so far examined show relatively 
poor resistance to loss on weathering, unless protected 
by a binder, such as a waa. Of the copper-organic 
fungicides, coppe™ napnthenate does not appear to 
cause enhanced vreakdown of the fabric at low concen- 
trations buv suffers from the disadvantage of undergoing 
hydrolysis, with some loss of fungicidal efficacy. Copper 
8-l.ydroxyquinolinolate is an extremely potent fungi- 
cide and exerts marked protection against actinic 
breakdown. 

The content of noncellulosic material in the fiber to 
which copper fungicides are applied influences the ease 
of removal of the copper in leaching or weathering, 
and this is attributed to the metal-binding capacity of 
certain of these noncellulosic materials, for example, 
pectins. 

The use of soft petroleum wax leads to enhanced 
breaking strength losses on weathering and this effect 
seems to be related to the presence of noncellulosic 
material on the fiber. The effect is not noted in the 
presence of pigments, presumably due to their screening 
power. 
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Fungal rotting of strawberries during transport and 
marketing is a major factor limiting the area from 
which manufacturers of jams and preserves can draw 
supplies of fruit. Furthermore, the presence of mold 
mycelium in or on the fruit is of special importance to 
manufacturers in the United Kingdom who export to 
certain overseas markets, notably the U. 8. A., where 
the acceptability of their products may be partially 
governed by the mold content. This is generally de- 
termined by the Howard mold count technique (Official 
Methods of Analysis of the Association of Official Agri- 
cultural Chemists, 1950), which has been generally 
accepted as providing an index of the extent to which 
fruit used for manufacture has been subject to deteriora- 
tion caused by fungi. Howard (1917) correlated mold 
counts with the extent of rotting’in tomatoes, that is, 
decomposition associated with the activities of living 
microorganisms. Needham and Fellers (1925) extended 
the use of the Howard technique to soft fruit products 
but used the term ‘moldy berries’? apparently as a 
synonym for fruit rotted by fungi. The word mold is a 
popular term with no exact definition, but is often 
taken to describe ‘‘a microfungus having a well marked 
mycelium or spore mass, especially an economically 
important saprophyte” (Ainsworth and Bisby, 1950). 
It appears possible, therefore, that the emphasis placed 
on the undesirability of the presence of fungal hyphae 
as indicating rotting may have become placed on the 
undesirability of hyphae as such. 

Beneke et al. (1954) investigated the relation of the 
fungus flora to pectolytic breakdown in Michigan 
strawberry fruits, and concluded that the amount of 
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mold determined by the mold count may not neces- 
sarily be related to the extent of breakdown in a food 
product. It may be suggested that a high mold count 
may indicate poor handling conditions in so far as such 
conditions may favor the development of otherwise 
harmless superficial fungi, but it is also possible that a 
mold count may be increased by contamination of the 
fruit in the field by fungi such as the powdery mildews 
which may not cause rotting and may often be 
considered not to affect quality. Furthermore, the 
mold count gives no indication of the type of softening 
and breakdown which sometimes occurs in strawberries 
held in solutions of sulphur dioxide, because although 
enzymes liberated by microorganisms at an_ earlier 
stage may be responsible (Pandhi, 1953), the extent 
of breakdown in susceptible fruits is partially dependent 
on the length of time that they are held in the preserva- 
tive solution. 

The present investigation was undertaken to de- 
termine the organisms responsible for the rotting of 
strawberries harvested in mid-Kent during 1955, to- 
gether with the significance, relative to the Howard 
mold count, of the mycelium of fungi not associated 
with rotting. 

It would normally be preferable that the control of 
mold growth on strawberries during transit or storage 
should be carried out by modifying environmental 
conditions such as temperature. In practice, however, 
it may not always be possible to obtain adequate control 
by such means, and a search was made for a suitable 
method of chemical control. The application of chemi- 
cals to foodstuffs is strictly limited in the U.S. A. by 





the Food and Drug Acts, and in the United Kingdom 

: ° ° . i 
by the Public Health (Preservatives in Food) Regula- | 
tions, and the problem was therefore approached by | 
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investigating the possible use of rapidly dispersed 
volatile fungicidal agents. 


MATERIALS AND METHODS 


Beneke et al. (1954) assessed the relative prevalence 
of species of fungi by incubating standard plugs of 
fruit tissue placed on an agar medium and by counting 
and identifying the resultant colonies. Obligate para- 
sites are not detected by this method, and fungi present 
only as spores are given equal prominence with those 
present as mycelium. As the presence of mycelium is 
the sole basis of the Howard technique, Beneke’s 
methods cannot be directly equated with those ob- 
tained by a Howard mold count. In the present work, 
the Howard technique was followed as closely as pos- 
sible with adaptations to permit the specific identifica- 
tion of mycelial fragments and spores. 

Samples of strawberry fruit were obtained from four 
sources in mid-Kent on two occasions, early (var. Royal 
Sovereign) and late (var. Auchincruive Climax) in 
the season. The fruit was protected by a sheet of 
polythene film and carried directly to the laboratory 
for testing as soon as possible after it had been picked. 
For each test a sample of at least 4 lbs of fruit was ob- 
tained by random selection of individual fruits from 
a large bulk. Two lbs were examined immediately after 
picking, a further 2 lbs being held at 20 C for 48 hours 
before examination. To make the examination, 1 lb 
of fruit was hulled and macerated in a sterile Waring 
blendor for 20 minutes. The product was then incor- 
porated, by the methods normally employed in the 
preparation of dilution plates, in sterilized 2 per cent 
malt agar containing a minimum quantity of agar. 
Normally 10 per cent by volume of the fruit was in- 
corporated in the agar, but greater dilutions were used 
if fungi were prevalent. Aliquots were then poured to 
form a thin layer in sterilized Petri dishes. The pre- 
pared plates were incubated at 20 C and examined under 
the microscope at intervals. When viable mycelial 
fragments or spores were observed to start growth they 
were cut out individually by a microscope nosepiece 
attachment, using aseptic techniques, and transferred 
to 2 per cent malt agar slopes. The resultant cultures 
were retained until specific identification was possible. 
The origin of each culture, that is, from mycelium or 
from spore, was carefully determined before isolation 
and this was found to necessitate frequent examination 
of the plates. Approximately 70 cultures were made 
from each sample, but, with experience, the identity 
of common species could be determined without isola- 
tion, and this was carried out only in case of doubt. 

One pound of fresh fruit from each sample was 
examined under a low power binocular microscope and 
any sporulating fungi were noted. The fruits in a further 
pound were plated out individually under aseptic condi- 
tions on moist, sterile filter paper in large Petri dishes. 


This fruit was then incubated at 20 C and examined at 
intervals for rotting and the presence of fungi. 

All of the species of fungi isolated during these tests 
were investigated with a view to determining their 
ability to cause rotting of inoculated fruits. Sound, ripe, 
strawberry fruits were surface sterilized by a 5-second 
dip in an alcoholic 0.1 per cent solution of mercuric 
chloride, followed by a 15-minute wash in each of two 
changes of sterile, distilled water. The fruits were then 
transferred under aseptic conditions to sterile Petri 
dishes. The pathogenicity of each fungus was then 
tested by inoculating 10 of the prepared fruits with a 
fragment of a pure culture, five fruits being undamaged, 
and five being wounded by pricking them with a sterile 
needle at the site of inoculation. Ten intact and 10 
wounded fruits were left as uninoculated controls. All 
of the fruits were then incubated for 2 weeks at 20 
C in a damp chamber. 

In the examination of fungicidal treatments, two 
1-lb samples of fresh fruit, drawn by random selection 
of individual fruits, were used for testing each treatment 
in each experiment. Two liters of each solution to be 
tested for fungicidal activity were placed in polythene 
buckets, and the fruit, contained in punnets, was im- 
mersed and gently agitated for approximately five 
seconds. The fruit was then withdrawn, surplus fluid 
drained off, covered by a sheet of polythene film, and 
incubated at 20 C for 48 hours. In each experiment, 
2 lbs of fruit were left untreated and 2 lbs were dipped 
in sterile water to serve as controls. After the period 
of incubation, 1 lb of the fruit representing each treat- 
ment was submitted to a tasting panel and the second 
1-lb sample was submitted to a Howard mold count 
after counting and removing any severely rotted fruits. 

The chemicals investigated included acetaldehyde, 
ethyl alcohol, peracetic acid, and a saturated solution 
of citric acid in 20-vol hydrogen peroxide. All chemicals 
were diluted to the required strengths with distilled 
water. 

RESULTS 

Although the absolute quantity of mycelium found 
to contaminate the various samples was found to vary, 
the species of fungi and their relative preponderance 
was similar in all of the samples examined. 

With freshly picked fruit, from 50 to 95 per cent 
of the mycelial fragments were not viable in an agar 
medium. When the fruit had been stored at 20 C for 
48 hours, although the proportion of sterile to fertile 
hyphae decreased, the number of sterile fragments per 
unit volume remained approximately constant, and 
it was concluded that the sterile mycelium was that of 
an obligate parasite. Sphaerotheca humuli (DC.) burr 
was observed on the surface of much of the fruit ex- 
amined and, as the sterile mycelium found during the 
examination of the agar plates was similar morphologi- 





86 P. H. LOWINGS 


cally to that of a powdery mildew, it appeared probable 
that this species might contribute substantially to a 
Howard mold count. A sample of fruit bearing sufficient 
S. humuli to be just visible to the naked eye, but with 
no other blemish, was carefully selected and submitted 
to a Howard mold count, and a similar sample was 
examined by the plate technique. The mold count 
averaged 34 per cent of positive fields, while 94 per cent 
of the hyphal fragments in the parallel plate test proved 
sterile. A mold count of 15 per cent was obtained from 
a similar sample bearing little visible mildew. 

Throughout all the tests 60 to 80 per cent of the 
viable mycelial fragments produced colonies of Mucor 
piriformis Fischer, and 96 to 100 per cent of the in- 
cubated whole fruits were found to be contaminated by 
this species, which was the most important cause of 
rotting in the samples examined. 

All but approximately 1 per cent of the remaining 
viable hyphal fragments produced colonies of Botrytis 
cinerea Pers. ex Fr., which was found to contaminate 
from 45 to 70 per cent of the incubated whole fruits. 
Because of the rapidity with which Mucor attacked 
the fruit, Botrytis was rarely the primary cause of 
rotting, but developed slowly by intermingling with 
the established Mucor. 

The remaining viable hyphal fragments, comprising 
from 0.5 to 2 per cent of the whole, were composed of 
Cladosporium herbarum Link ex Fr., Penicillium spp., 
and Trichoderma viride Pers. ex Fr. On the whole 
fruits, the development of these species was practically 
entirely restricted to the senescent styles adhering to 
the fruits, sporulation taking place on the stigmatic 
surfaces. During incubation, a few hyphae were ob- 
served to develop from these small colonies over the 
adjacent surface of the fruit, but these had little 
influence on the mold count. 

The conidia of Cladosporium, Penicillium, and 
Trichoderma were very common in preparations of 
all of the samples examined, but conidia of Botrytis, 
while frequently found in preparations made from 
fresh fruit, were less frequent in preparations from 
fruit kept at 20 C for 48 hours, probably due to their 
having germinated. Spores of M. piriformis were 
occasionally found, and those of Alternaria sp., E’picoc- 
cum sp., and Pullularia pullulans (De Bary and Low) 
Berkhout, were each isolated on one occasion. 

A yeast, Kloeckera apiculata (Reess emend Klécker) 
Janke, was found to develop abundantly on injured 
fruits and was by far the most common single organism 
found in the plate tests. 

When the pathogenicity of the various species was 
investigated, severe rotting developed only in those 
fruits inoculated with B. cinerea, M. piriformis and 
Kloeckera apiculaia, the first two species attacking both 
wounded and unwounded fruits while the yeast attacked 
the wounded fruit only. The rot caused by Botrytis 
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Fic. 1. Breakdown of surface sterilized strawberry fruit, 
following wound inoculation with Kloeckera apiculata. Un- 
inoculated fruit on the left, inoculated fruit on the right, 
after 14 days incubation at 20 C. 


is too well known to warrant description, but those 
caused by M. piriformis and K. apiculata are of in- 
terest. Both of the latter, in the early stages of attack, 
caused the surface tissues to soften and become paler 
in color. M. pirtformis broke down the fruit to a soft 
mush within four days at 20 C, but aerial hyphae and 
sporangiophores did not appear until breakdown was 
nearly complete. The rot caused by K. apiculata was 
similar but required 10 to 14 days to reach completion. 
A cream-colored mass of yeast frequently developed in 
the inoculation wound (figure 1), which enlarged to 
form a crater. All of the uninoculated fruits, with one 
exception, remained sound and healthy throughout the 
incubation period. 

Apart from the eventual development of sporangio- 
phores on the fruit attacked by Mucor, the only super- 
ficial difference between the rots caused by this species 
and by Kloeckera apiculata lay in the occurrence of 
leakage from the infected tissues, abundant fluid being 
liberated from fruits infected with Kloeckera, but little 
escaping from those infected with Mucor. Substan- 
tially more leakage occurred from fruits naturally in- 
fected with Mucor but it was found that yeasts were 
almost invariably also present. In the samples ex- 
amined, yeasts were rarely a major cause of rotting 
because of the more rapid development of other rot- 
producing organisms. 

After several small preliminary experiments in which 
it was found that treatment with peracetic acid ap- 
peared to afford a promising method of controlling the 
growth of fungi on strawberry fruits, two large experi- 
ments were carried out using fruit from two different 
sources. The results of these experiments are given in 
table 1. 

It will be seen that, again, promising results were 
obtained with peracetic acid at a concentration of 0.5 
per cent of the stable 40 per cent commercial product. 
None of the other substances gave satisfactory control. 

No taint or unusual odor could be detected from the 








1956) 


TABLE 


Fruit 
Fruit 2 
at 2 
Ur 
Dippe 
Dippe: 
Dippe' 
Dippe 
per 
Dippe 
per 
Dippe 
Dippe 
deh: 
Dippe 
Dippe 
Dippe 
acic 
Dippe 


acic 
* k 


Sey 
Howa 


fruit 
lapse 
occu 
hour 
been 
for t 
ml o 
ho lt 
acid 
whe 
ppm 


A 
pre 
fron 
this 
don 
of ! 
unu 
seas 

7 
den 

2 
Oxi 
HC 


esti 





L. 4 


‘uit, 
Un- 
ght, 


Ose 

in- 
ck, 
aler 
soft 
and 
was 
Was 
ion. 
1 in 
to 
one 
the 


z10- 
yer- 
cles 
- of 
ing 
ttle 
an- 

in- 
ere 
eXx- 
ing 
rot- 


ich 
ap- 
the 
erl- 
ent 
. in 


ere 
0.5 


rol. 
the 





1956] FUNGAL CONTAMINATION OF STRAWBERRIES 87 


TasBLe 1. The control of molds by dipping strawberry fruits in 
various chemicals 


: ; = 
| Experiment I | Experiment II 


mee 


| | TE 
| Percen- | Percen-| 


Soetoro tage of | Howard an |Howard 
| verely | mold verely | ™° 
rotten count rotten | count 
| fruit fruit 
% | % 
Fruit freshly picked 0 15 0 12 
Fruit after incubation for 48 hanes: 
at 20 C. 

Untreated. ali gi 36 27 32 
Dipped in water 20 47 34 24 
Dipped in 98 per cent ale ohol — 22 17 
Dipped in 20 per cent alcohol 25 23 
Dipped in citric acid + HO. 1 

SM acces shor Xs ats s4 dco C89 25 24 
Dipped in citric acid + H. Oz 0.5 
per cent.... 40 43 
Dipped in 1 per cent acet: aldehyde ’ . 
Dipped in 0.25 per cent acetal- 
dehyde. . . 12 39 
Dipped in 0.1 per cent acetaldehy de 12 27 
Dipped in 1 per cent peracetic acid ” 
Dipped in 0.5 per cent peracetic 
acid. . 10 17 7 14 
Dipped in 0.25 per cent peracetic 
acid 22 8 


* Fruit damaged by treatment. 
Severely rotten fruit was removed before carrying out the 
Howard mold counts. 


fruit treated with 0.5 per cent peracetic acid after the 
lapse of 24 hours, although a slight bleaching had 
occurred in any open wounds on the fruit. After 48 
hours’ incubation at 20 C, a sample of fruit which had 
been treated with 0.5 per cent peracetic acid was tested 
for the presence of peracetic acid or peroxide. Twenty 
ml of water was repeatedly poured over the surface of 
16 lb of the fruit contained in a funnel and no peracetic 
acid or peroxide could be detected in the washings 
when analyzed by a method capable of detecting 1 
ppm of peroxide’. 


DISCUSSION 


Although Mucor piriformis was found to be the most 
prevalent rot-producing fungus in the fruit examined 
from the 1955 crop, previous experience suggests that 
this is unusual and that Botrytis is usually the pre- 
dominant pathogen. The reason for the predominance 
of Mucor in 1955 is unknown at present, although the 
unusually dry weather experienced throughout the 
season may have been a contributory factor. 

The significance of the present results lies in the 
demonstration that although many small colonies of 


* This method was based on the reaction of hydrogen per- 
oxide with iodide in an acid medium by the reaction 2H Aé + 
H.O. + KI - I, + 2 KAé + 2 H.O, the liberated iodine being 
estimated by the coloration of starch. 


Cladosporium, Penicillium, or Trichoderma were present 
on practically every strawberry fruit, theses species 
had but an insignificant influence on the Howard mold 
count. In contrast, the possibility of obtaining high 
mold counts from sound fruit infected with the 
powdery mildew Sphaerotheca humuli, which does not 
cause a rot, suggests a possible source of error in the 
Howard mold count technique when used as an index 
of fruit deterioration. So long as the technique remains 
in use as a standard, however, it appears that mildewed 
fruit, even when free from rots, should be used with 
caution by the jam manufacturer. Where fruit has to 
be transported or held in storage before manufacture, 
visibly mildewed fruit should be avoided as the 
development of even a small amount of rotting might 
raise the mold count to unacceptably high levels. 

Peracetic acid is an aliphatic peracid (CH;COOOH) 
which readily breaks down to acetic acid and water 
while liberating oxygen. Any residual acetic acid left 
on treated fruit, being volatile, could be expected to 
disperse during processing. In fact, no acetic acid was 
detectable by odor or taste on fruit treated with perace- 
tic acid and subsequently held for 24 hours in a 20 C 
store. Greenspan and MacKellar (1951) obtained good 
control of molds growing on harvested tomatoes by the 
application of peracetic acid and extended the method 
to the prevention of mold growth on grapes. In view 
of the encouraging results obtained during the present 
work and as acetic acid is nontoxic, and no residual 
peracetic acid was detectable after short periods of 
storage, this substance warrants consideration as a 
possible fungistatic agent for use during the transport 
or short period holding of strawberry fruits. 
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SUMMARY 


An investigation was carried out to determine the 
identity of the fungal hyphae contaminating strawberry 
fruits harvested in mid-Kent during 1955. In freshly 
picked fruit the most common hyphae were generally 
those of Sphaerotheca humuli (DC.) Burr which, to- 
gether with Botrytis cinerea Pers. ex Fr. and Mucor 
piriformis Fischer, contributed 98 to 99.5 per cent of 
the total hyphae both in fresh and stored fruit. M. 
piriformis was, in this season, the most important 
cause of rotting during storage, with B. cinerea con- 
tributing in a secondary capacity. Cladosporium her- 
barum Link ex Fr., Penicillium spp., and Trichoderma 
viride Pers. ex Fr. were almost ubiquitous on the 
senescent styles and stigmas adhering to the fruit, but 
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the proportion of hyphae attributable to these species 
was insignificant. The most common organism in 
plate counts was the yeast Kloeckera apiculata (Reess 
emend Klécker) Janke, which caused slow breakdown 
when inoculated into wounded, surface sterilized, 
fruits. The significance of figures obtained by the 
Howard mold count technique is discussed in the light, 
of these results. 

A small scale investigation of substances suitable 
for application to harvested strawberries, showed 
peracetic acid to be a promising agent for the control 
of mold development during short periods of storage. 
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Until Naylor and Smith (1946) demonstrated 100 
per cent livability of Serratia marcescens desiccated 
from the frozen state, it was generally considered that 
the per cent livability of lyophilized cultures was low, 
below 10 per cent. These investigators dried concen- 
trated suspensions of S. marcescens in a_ specified 
medium at pressures of approximately 2 to 5 microns of 
mercury. Hutton et al. (1951) investigated the effect of 
the temperature of the subliming ice, the rate of sub- 
limation and the moisture content of the dried product 
on the per cent viability of Brucella abortus strain 19. 

The present study was undertaken to learn the effect 
of sealing pressure on the per cent livability of S. 
marcescens and Micrococcus pyogenes var. aureus desic- 
cated from the frozen state, using ordinary laboratory 
equipment and storing for short periods of time. S. 
marcescens was chosen due to its relative susceptibility 
to the drying process and ./. pyogenes because of its 
relative resistance to drying. 


1 Journal Article No. 1835 from the Michigan Agricultural 
Experiment Station, East Lansing, Michigan. 

2 From the Department of Microbiology and Public Health, 
Michigan State University, East Lansing, Michigan. 


MATERIALS AND MetTHops 


Lyophilization of S. marcescens was carried out 
following the general procedure outlined by Naylor 
and Smith (1946). The cells were grown in a liquid 
medium composed of 1.0 per cent Difco tryptone, 0.5 
per cent Difco yeast extract, 0.1 per cent glucose, 0.2 
per cent disodium phosphate and 0.1 per cent sodium 
dihydrogen phosphate at a pH of 6.8 to 7.0. This 
medium was dispensed in 250-ml amounts in 500-ml 
Erlenmeyer flasks. Stock cultures were maintained on 
agar slants and incubated at room temperature to 
obtain good pigment production. Two loopfuls of 
growth from 24-hour slants were transferred to the 
liquid medium. This medium was aerated by continuous 
agitation employing a Burrell Shaker at a frequency of 
170 cycles per minute and an amplitude of 16 em. After 
18 to 24 hours of continuous shaking at room tempera- 
ture, the cells were concentrated by centrifugation, at 
an RCF of approximately 1,400 X g, for one hour. 
The supernatant was decanted and approximately 3 ml 
of diluent, composed of 0.5 per cent ascorbic acid, 0.5 
per cent thiourea, 0.5 per cent ammonium chloride, and 
2.0 per cent dextrin, were added to the sediment. The 
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cells were suspended in this medium using a wire loop. 
Material from 8 tubes was pooled and 200 ml of diluent 
added to the composite. This suspension was agitated 
on the shaking machine for one hour at an amplitude 
of 13.5 em and a frequency of 150 cycles per minute. 
Dilutions were made and then plated to determine the 
initial count. 

One ml of this suspension was placed in serum vials 
(Kimble A-3,-179, 2 ml) which had been washed in 
distilled water, calibrated at 1 ml, and sterilized by 
dry heat. The material was then shell-frozen in a dry 
ice alcohol bath at approximately —70 C. The lyophiliz- 
ing apparatus consisted of a homemade manifold with 
a chemical condenser using Drierite (anhydrous calcium 
sulfate) as the desiccant. A Cenco Megavae vacuum 
pump was used to evacuate the system. A Stokes-Me- 
Leod pressure gauge was connected to the desiccating 
chamber. The system was evacuated to a maximum 
pressure of 300 microns Hg before the vials were placed 
on the manifold. The vials were exposed to existing 
room conditions during the process of sublimation and 
no attempt was made to maintain controlled conditions 
of temperature and relative humidity. Desiccation was 
allowed to continue for 24 hours and the vials then 
sealed with a cross-fire, oxygen hand torch. The vials 
were sealed at pressures varying from 50 to 750 microns 
Hg. The dried cultures were stored in the dark at 
room temperature until used. They were reconstituted 
by adding sterile saline to the calibration mark. Dilu- 
tions were made and plate counts determined. 

The same general procedure was followed for drying 
M. pyogenes except that stock cultures were maintained 
on Difco tryptose agar, and the organisms for drying 
were grown in Difco tryptose broth. The suspending 
medium used for drying was sterile skim milk. 

The per cent residual moisture of the lyophilized 
M. pyogenes var. aureus cultures was determined by 
drying to constant weight in a vacuum oven. The sealed 
vials were opened and the dried cultures poured into 
clean, dry, aluminum test tube caps and placed in a 
vacuum oven at 50 C. They were cooled in a desiccator 
over P.O; and weighed on an analytical balance. This 
procedure was repeated until constant weight was 
attained. 


TABLE 1. Effect of sealing pressure on the per cent livability of 


Serratia marcescens, desiccated from the frozen state 
Sealing Pressure in uw» Hg 


Average Livability 


or 
‘ 


700 0.4 
400 1.0 
150 1.2 
60 3.2 


PERCENT VIABILITY 
uo 
1 
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100 200 300 400 500 600 700 800 900 1000 
SEALING PRESSURE IN MICRONS OF HG 
Fic. 1. Average per cent viability of Serratia marcescens 
desiccated from the frozen state. Dried for 24 hours at a 
pressure of 60 microns and sealed at the indicated pressure. 


TABLE 2. Effect of sealing pressure on the per cent livability of 
Micrococcus pyogenes var. aureus desiccated from 
the frozen state 











Sealing Livability Residual 
Pressure Moisture 
in w Hg High Low Average 
% % % % 
750 5.8 0.8 1.8 1.6 
450 5.2 1.9 3.1 2.5 
275 6.8 2.1 1.8 0.9 
100 tin 6.0 6.8 1:3 
70 59.00 20.6 41.0 — 
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Fig. 2. Per cent viability of Micrococcus pyogenes var. 
aureus desiccated from the frozen state. Dried for 24 hours at 
a pressure of 60 microns and sealed at the indicated pressure. 
“X’? indicates high and low values at each pressure. A point 
indicates average value at each pressure. 
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RESULTS AND Discussion 


Rogers (1914) stated: “The nearer the cell approaches 
an absolute dormant condition, the longer its actual 
death will be postponed.” The elimination of air is one 
means of reducing an organism to the dormant state. 
Table 1 shows the effect of various sealing pressures on 
the per cent livability of S. marcescens desiccated from 
the frozen state. Figure 1 is a graphical representation 
of these data. Each value is an arithmetic mean of 
several percentages obtained by plate counts from 
lyophilized cultures. The per cent livability increases 
slowly as the pressure is reduced from 700 to 150 
microns Hg and increases sharply at pressures below 
100 microns Hg. These values tend to indicate that 
sealing pressure has a marked effect on the per cent 
livability of S. marcescens. 

M. pyogenes var. aureus was chosen for its greater 
resistance to freeze drying. Table 2 and figure 2 show 
the average values as well as the highest and lowest 
percentages recorded for each sealing pressure. M. 
pyogenes var. aureus shows the same pressure—per cent 
livability relationship as was observed with S. marces- 
cens. It is felt that the results in this case are more 
meaningful because of the higher per cent livabilities 
obtained with this more resistant organism. 

Among the factors that appear to influence livability, 
only the sealing pressures were controlled, as the 


[vou. 4 


temperature and relative humidity—and thus the rate 
of sublimation—were dependent on external conditions. 
The per cent residual moisture averaged approximately 
2 per cent, varied from 0.9 to 2.5 per cent, and showed 
little correlation with per cent livability. Thus the 
differences in per cent livability are the result of 
different sealing pressures. 


SUMMARY 


For obtaining high per cent livability in cultures 
desiccated from the frozen state, low drying and sealing 
pressures are important. To obtain a high per cent 
viability it is felt that as high a vacuum as possible 
should be used during the drying process, and to main- 
tain this high per cent livability, sealing pressures 
should be as low as possible. 

At sealing pressures below 100 microns of mercury 
the per cent viability rises rapidly. 
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Property of Fabrics 


M. T. Goupsmitu, M. A. Latuier, J. L. Frrepu ann L. 8S. Sruarr 


Agricultural Research Service, U. S. Department of Agriculture, Washington, D. C. 


Received for publication October 24, 1955 


Quaternary nitrogen compounds are being widely 
used as sanitizers and toimpart bacteriostatic properties 
to fabrics. When properly applied, the residual quater- 
nary may assist materially in clinical problems associ- 
ated with the activities of microorganisms in infants’ 
garments, bedding, and similar articles. 

Directions commonly furnished for the use of these 
agents specify a unit weight of product to a given 
weight of fabric with no limitations on the volume of 
water to be used. It seemed important, therefore, to 
determine whether such directions are adequate or 
whether there are certain limitations with regard to 
concentrations and volumes. This study was undertaken 
to determine the relationship between the amount of 
quaternary removed by cotton, wool, and nylon fabrics 
with the quaternary-fabric weight ratios kept at 
constant values and the volumes of solution varied. 
The amounts of quaternary adsorbed and absorbed un- 
der each condition were determined and these values 
correlated with those of bacteriostatic studies. Certain 
variations in technique were made in order to evaluate 
the procedure as a standard test method. 


MATERIALS AND METHODS 


Three-gram samples of desized cotton (Federal 
Specifications, 1953), wool, and nylon! in replicates of 
five were steam sterilized, dried and then agitated at 
20 C for 10 minutes in volumes of germicide from 
25 through 200 ml, containing 5 through 100 mg of 
the quaternary, alkyl (Cs-C,;) toly] methyl trimethy] 
ammonium chlorides. The samples were wrung asep- 
tically and dried in Petri dishes. Each half sample was 
subcultured in 0.01 buffered urease test medium of 
Stuart et al. (1945) and incubated the first 24 hours at 
37 C and thereafter at room temperature. Two tubes 
contained 15 ml and 8 tubes contained 7 ml of the me- 
dium. Before the fabric was introduced, the medium was 
inoculated with one ml of a saline suspension of Proteus 
mirabilis, obtained by washing the surface growth from 
a 24-hour tryptone glucose extract agar (Difco) culture 
and filtering. The suspensions were diluted to give a 

1 Submerged in CCl, at room temperature for 15 minutes 
with occasional stirring. Air dried. Repeated in C2H;OH and 
air dried. 
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reading of 230 on the Klett-Summerson photoelectric 
colorimeter. Suspensions with this reading gave plate 
counts of approximately 1.5 billion cells per ml and 
changed 0.01 buffered medium to pH 7.4 or above with- 
in an hour. Thus, by using a controlled inoculum with a 
reproducible urease activity, culturing in a lightly buf- 
fered medium, and selecting a 7-hour delay over the 
control as the criterion for bacteriostatic action of 
treated fabric, inhibition results could be obtained with- 
in an 8-hour period, rather than 16 hours, as with the 
procedure previously described (Latlief et al., 1951). 

Readings of the tubes were made hourly by compari- 
son with phenol red color standards. Lack of bacterio- 
static activity was indicated by a rise to pH 7.4 or 
above. The quaternary selectively adsorbed was cal- 
culated by determining the change in concentration in 
the bath after the treatment (Auerbach, 1943, 1944). 
By removal of the fabric, additional quaternary was 
carried over and is designated in this report as absorbed. 
The total quaternary removed is the sum of these 
amounts. The amounts of quaternary absorbed by 
cotton were contained in 8.1 ml, by wool in 7.8 ml, 
and by nylon in 5.1 ml. These volumes were derived 
from mean values of weight differences between dry 
fabric samples and those wrung with forceps. Thus, 
the absorbed quaternary is a multiple of the concentra- 
tion per ml after treatment of the fabric and the 
volume removed by the specific fabric. 


RESULTS AND DISCUSSION 


The data obtained in determining the bacteriostatic 
action of treated fabric are summarized in table 1. 
For purposes of discussion, dilutions are also included. 
The results show that reliable bacteriostatic properties 
may be more readily imparted to cotton than to wool 
or nylon. For this reason, the major portion of the 
discussion will be confined to the results for cotton. 

When cotton fabric was treated in all volumes from 
25 through 200 ml containing only 5 mg of the quater- 
nary, no inhibition of P. mirabilis was obtained on 
subculturing the samples. With 10 mg of quaternary in 
25 and 75 ml, the urease activity of the test organism 
‘was inhibited seven hours, but in 50 ml some, but not 
all, the samples showed bacteriostatic action. 
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TaBLE 1. Bacteriostatic property of fabrics treated with quaternary in various concentrations and volumes 
- ay a _ . —_ Volume 
Quaternary in Bath 25 ml 50 ml aa 75 ml 100 ml 200 ml 
Cotton Wool | Nylon Cotton | Wool | hides Cotton Wool | Nylon | Cotton! Wool | Nylon | Cotton! Wool Nylon 
5 mg sree: Ne 13} N N ‘ N N P N N N N | N P N 
Dilution 1:5,000 1:10,000 1:15,000 1:20 ,000 1:40,000 
10 mg It Y N iy P N I re N N N N N P N 
Dilution 1:2,500 1:5,000 1:7,500 1:10,000 1:20,000 
20 mg I s N I P N I Pp N P Pp N P P N 
Dilution 1:1,250 1:2,500 1:3, 750 1:5, 000 1:10 ,000 
50 mg I ig P I jg N I E N I r N I P N 
Dilution : 1:500 1:1, 000 121,500 1:2,000 1:4,000 
100 mg I i: I ] P P ] P ig I 4 N I N N 
Dilution 1:250 1:500 1:750 1:1,000 1:2,000 
*N, no inhibition. : 
+ P, partial inhibition. Some tubes contained growth. 
tI, inhibition. 
With 20 mg of quaternary in 25, 50, and 75 ml, with a somewhat more concentrated solution of a 


bacteriostatic activity was imparted to the fabric, but 
in 100 and 200 ml, only part of the subcultured samples 
inhibited P. mirabilis. Fifty and 100 mg in all volumes 
used repressed the growth of the test organism. 

If the dilutions are now observed, it may be seen 
that when 10 mg was used, although a dilution of 
1:7500 appeared to be effective, a dilution of 1:5000 
showed only partial inhibition. With 20 mg present the 
highest effective dilution was 1:3750 whereas with 
50 mg 1:4000 showed complete inhibition. If these 
dilutions are compared with the effective dilutions of 
several quaternary compounds reported earlier (Latlief 
et al., 1951), it will be noted that the dilutions 1:3750 
to 1:7500 compare not too unfavorably with 1:5000 to 
1:10,000. Among the factors to be borne in mind in 
making these comparisons are the “‘static’”’ property of 
the germicide, the tenacity with which fabric retains 
the quaternary, and finally the effect of the concentra- 
tion of the buffer on the speed of the appearance of the 
ammonia. Wide variations exhibited by different 
quaternaries in “‘static’’ properties for a given test 
organism, and desorbing levels from cotton were re- 
ported by Goldsmith et al. (1955). 

With respect to the effects of the concentration of 
the buffer, it can be stated from data developed in this 
laboratory that for a given concentration of cells, the 
change of pH in Stuart’s 0.01 buffered medium occurred 
in one hour, in 0.1 buffered medium in three hours, and 
in highly buffered medium in 10 hours. That a treatment 


germicide would be required to suppress the appearance 
of ammonia in 0.01 buffered medium would be a normal 
expectation. This factor should not be overlooked in 
interpreting the results obtained with 0.01 buffered 
medium and in comparing these with effective treat- 
ments obtained by subculturing in a highly buffered 
medium. 

The results with wool show that quaternary in the 
amounts used only partially inhibited P. mirabilis 
regardless of ratio of quaternary to volume. Of the 
fabric samples treated, about 200 half samples allowed 
the test organism to change the pH within seven hours, 
whereas in the presence of 100 half samples, the test 
organism was inhibited. 

Only with 100 mg of the quaternary in 25 m| did 
the nylon fabric remove sufficient quaternary to in- 
hibit P. mirabilis. Partial inhibition was obtained with 
50 mg in 25 ml and with 100 mg in volumes of 50, 75, 
and 100 ml. 

Some of the data obtained in determining the adsorp- 
tion and absorption of the quaternary by cotton and 
wool are summarized in table 2. Omitted from the table 
are data obtained in using 5 mg of the quaternary. 

Absorption of quaternary by cotton decreases as 
volumes increase. For a constant weight of quaternary, 
the absorption reflects the reduced concentration due 
to volume increase as well as a reduction of concentra- 
tion due to adsorption. 


As would be expected, with a constant volume, ad- 
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TABLE 2. Quaternary removed by 3 grams fabric 
’ | Milligrams of eaakians esd nets Specified deans _ 
Quaternary in Bath 25 ml a. 75 ml 100 ml 200 ml = 
Ab* | Ad* T° Ab Ad 1 Ab ‘Ad T Ab Ad Tt | Ab Ad | * ri 
Cotton 
10 mg 2 3 5 <1 3 4 <1 4 5 <1 4 4 <1 } 4 
2) mg 5 5 10 3 } 7 2 5 5 ] j 5 <1 2 3 
i) mg 12 14 26 7 6 13 5 5 10 4 10 14 2 8 10 
100 mg 28 13 4] 13 22 35 10 14 24 Z 7 14 3 3) 8 
"Wool i 
10 mg <3 S S <1 5 6 <i 4 5 </] 4 4 <1 5 5 
20 mg 2 13 15 2 9 1] ] 7 8 <1 6 7 <1 Z 8 
iO mg y 21 30 a) 17 22 3 18 21 2 1s 20 2 15 17 
100 mg 2] 25 46 10 29 39 7 18 25 6 14 20 3 10 13 
* Ab, absorbed; Ad, adsorbed; T, total. "a 
sorption increases with increasing concentration in quaternary absorbed from these effective dilutions 


most instances. With a constant weight of quaternary 
in increasing volumes, however, a tendency for de- 
creased adsorption is exhibited. Exceptions may be 
noted. Adsorption continues at the same level when 10 
mg are used in 100 and 200 ml; with 20 mg adsorption 
decreases only in 200 ml and with 50 mg adsorption 
from 100 and 200 ml] increases over that from 50 and 
75 mi. 

With 100 mg quaternary in volumes of 50 ml and 
more, the adsorption decreases markedly with increased 
volumes. The reduced adsorption with 25 ml may be 
attributed water-fabric ratio, resulting in 


] — 
1OwW 


to 
insufficient contact between the cloth and the quater- 
nary during agitation. 

That equal quantities of quaternary are selectively 
adsorbed from solution by cotton fabric regardless of 
the volume, is borne out almost consistently when 10 
and 20 mgs were used in the five volumes. When 50 and 
100 mgs were used evidence for selective adsorption 
Was not obtained. 

If the data for total removal of quaternary are com- 
pared with those for inhibition, it may be seen that the 
minimum amount of quaternary removed and sufficient 
to impart bacteriostatic properties to three grams of 


cotton, under the varied conditions of these experi- 


ments, was 5 mg. However, this minimum amount was 
not sufficient to prevent the development of ammonia 
under all conditions studied. Thus, the dilutions in 
which total removal amounted to 7 to 10 mg would 


appear to be a more reliable minimum figure. The 


amounted to a considerable fraction of the total. 

Although the capacity for wool to remove quaternary 
from solution exceeds that of cotton almost all 
concentrations and volumes used, the bacteriostatic 
property imparted to wool for P. mirabilis was inferior 
in nature. That a reversible reaction between the wool 
and the quaternary when immersed in the subculture 
medium is responsible for this behavior is possible. 

An evaluation of the results of using 7- and 15-ml 
volumes for subculturing the samples revealed no 
advantages in either case. Although the desorption of 
quaternary from fabric may produce a higher concen- 
tration in 7 than in 15 ml, the number of cells per ml of 
medium in 7 ml was double those in 15 ml, and their 
urease activity in the smaller volume was reflected by a 
more rapid change of pH. In those tubes which showed 
no inhibition in the first six hours, the average delay in 
7 ml containing cotton and nylon was 1.8 hours and in 
15 ml, 2.5 hours. With wool the average delay in 7 ml 
was 2.7 hours and in 15 m] 2.1 hours. The tubes contain- 
ing 15 ml were easier to read. In view of these results, 
subculturing 1.5 g fabric in a 10-ml volume might be 
preferred to 7 or 15 ml. 

In high concentrations of the germicide, that is, 
those containing more than 1:1000, the phenol red 
indicator reacted with the quaternary and precipitated 
on the cloth. That the concentrations of quaternary 
prevented change of pH could be demonstrated by the 
use of a pH meter. On removal of the fabric, the pH 
could also be confirmed by restoring the color to the 
medium by the addition of phenol red. 


in 
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SUMMARY 


Fabrics of different composition were treated in 
various concentrations of the quaternary germicide, 
alkyl (C»-Cis) tolyl methyl trimethyl ammonium 
chlorides, contained in five volumes ranging from 25 
through 200 ml. The amounts of quaternary removed 
by the fabric were determined chemically by methods 
described. 

Bacteriostatic properties were imparted to cotton 
more readily than to wool or nylon. Although wool 
removed from solution more quaternary than cotton, 
the bacteriostatic property was inferior. Nylon removed 
relatively little quaternary from solution. 

Evidence for selective adsorption by cotton was 
obtained only when 3 g fabric was treated with 10 or 
20 mg of quaternary contained in the different volumes. 
With larger quantity of quaternary, selective adsorp- 
tion was not observed. In solutions which imparted 
bacteriostatic property to cotton, the absorbed quater- 
nary amounted to a considerable portion of the total 
quaternary removed. 

The concentration of the treating solution appears 
to be the controlling factor in imparting practical 
bacteriostatic property to cotton fabric, rather than 
the ratio of the quaternary-fabric weights. 


[von 4 


Subculturing treated samples in a 10-ml volume of 
0.01 buffered urease test medium inoculated with 15 
billion cells makes results available in eight hours, an 
advantage for a test method. It must be acknowledged, 
however, that such a test procedure may be more 
critical, requiring a somewhat higher concentration of 
quaternary, than when the highly buffered medium is 
employed. 
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Applications of Germicidal Ultraviolet in 
Infectious Disease Laboratories 


II. An Ultraviolet Pass-Through Chamber for Disinfecting Single Sheets of Paper 
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Camp Detrick, Frederick, Maryland 
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In infectious disease laboratories “‘contaminated”’ 
areas are sometimes physically separated from adjoining 
“clean”? areas such as offices, libraries and conference 
rooms. Where such an arrangement exists, it is often 
desirable to preserve the separation of areas by disin- 
fecting or sterilizing materials removed from the in- 
fectious section. The extent to which this separation of 
areas is needed or used depends upon the infectiousness 
of the organisms under study and the nature of the 
experiments. 

In some instances it is desirable to disinfect or steri- 
lize papers used for recording data in the laboratory 
before they are passed to the clean area. Although 
sterilization can be effected by autoclaving or by 
treatment with ethylene oxide gas (Kaye, 1950), 
time or facilities may make these methods impractical. 
A pass-through chamber utilizing high intensity ultra- 
violet (UV) radiations has been developed for disin- 
fecting single sheets of paper. The apparatus has been 
tested using strips of paper contaminated with four 
organisms. 


MATERIALS AND METHODS 


Exterior and interior views of the chamber are shown 
in figures 1 and 2. The housing is fabricated from sheet 
aluminum and measures 244% x 5 x 5 inches. When a 
single sheet of paper, 15 inches or less in width, is 
inserted into the slot, it is caught by two synchronously 
revolving rollers which push the paper at a controlled 
rate past four, 15-watt UV lamps.! Each side of the 
sheet receives radiations from two lamps. The rollers 
are driven by a small 10 rpm electric motor? which 
moves the paper at the rate of one inch every 3.25 
seconds. The paper as it passes through the apparatus 
is subjected on each side to UV intensities varying 
from 8,000 to approximately 28,000 microwatts per 
sq em. The total UV radiation is about 7,500 micro- 
watt-minutes per sq cm or 4,500,000 ergs per sq cm. 

The chamber is designed for installation in a wall or 


1G15T8 lamps—Westinghouse Electric Corp., Bloomfield, 
N. J. 

2 Holtzer-Cabot Gear Head Motor, RWC 2505, Holtzer- 
Cabot Divisions, National Pneumatie Co., Inc., Boston, 
Mass. 
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doorway separating an infectious unit from a clean 
section. To facilitate maintenance, the front panel of 
the unit is hinged to permit removal of the inside 
structure (figure 2). A switch located on the front of the 
chamber operates the motor and two of the UV lamps. 
The other two lamps burn continuously to prevent the 
passage of viable aerosols. 

The design described herein represents the most 
effective of several developed and evaluated. Further 
details are available from the authors on request. 

The effectiveness of the machine was evaluated by 
passing artificially contaminated 8 x 1!4 inch strips of 
white bond paper through the machine and comparing 
the number of viable organisms remaining per square 
inch of paper with the number before UV treatment. 
Test organisms were Bacillus subtilis var. niger spores, 
Serratia marcescens, Escherichia coli B/r and T-3 coli- 
phage. The strips were contaminated with spores by 
exposing them in a rectangular plastic cabinet (Phillips 
et al., 1955) in which a spore aerosol was generated. 
Liquid cultures of the other organisms were spread 
evenly over the paper strips. Unirradiated inoculated 
strips served as controls. Organisms were washed 
from the strips by shaking in 100 ml of sterile saline. 
Dilution aliquots were plated from the controls, but the 
entire 100 ml of wash fluid from the irradiated strips 
was cultured. 


RESULTS 


The results are shown in table 1. The UV chamber 
was 100 per cent effective against S. marcescens and 
coliphage and 99.97 per cent effective against bacterial 
spores. 

To determine the possible effect of photoreactivation 
(Kelner, 1951) on cells “‘killed” in the chamber, experi- 
ments were included in which UV resistant E. coli 
B/r cells on paper were treated with UV and exposed 
to reactivating illumination in the visible or near ultra- 
violet range. Without reactivating light, UV treatment 
reduced the cell concentration from 19,000 to 0.55 
cells per sq inch of paper (table 1). When UV treated 
cells were washed from the paper and exposed for 50 
minutes to illumination from daylight fluorescent lamps 
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1. Ultraviolet chamber, exterior view 
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and after UV alone, 99.997 per cent. Using B/r cells 
exposed in Petri plates to radiation intensities lowe; 
than those obtained in the paper chamber, reactivation 
of a portion of the irradiated cells was demonstrated, 
Although it is evident that the UV chamber yilj 
not provide sterilization of paper heavily contaminated 
with spore cultures, it is believed suitable for normal 
operations in infectious disease laboratories. It is pos. 
sible the UV chamber would prove useful in other types 
of installations, for example, for introducing sheets of 
paper into sterile filling rooms and for the treatment of 
sheets of paper from contagious wards of hospitals, 


SUMMARY 


An UV pass-through chamber for rapid disinfection 
of single sheets of paper has been designed. The device 





Fic. 


2. Ultraviolet 


TaBLE 1. Bactericidal effectiveness of an ultraviolet pass- 


Test Organism 


Bacillus 
var. niger spores 


subtilis 


Serratia marcescens 
T-3 coliphage 

Escherichia coli B/r 
Escherichia coli B/r 


through chamber 


Control Paper 


See ee Average 
of number of 
aes organisms 

0 A recovered 
pad per sq inch 
, of paper 
20 8300 

5 41,700 
5 1,160,000 
5 19,000 
5 19,000 


UV Exposed Paper 


: Average 
Number I a8 
a number of 
org: 
paper | organisms 
strips 


per sq inch 


exposed of paper 


40 0.72 
15 0.0 
15 0.0 
9 0.55 


26 0.60* 


Inactiva- 
tion of 
Test 
Organism 


99 .97 
100. 
100. 

99 .997 
99.996 


* Wash liquid or recovery plates exposed to reactivating 


light. 


or fluorescent “black light’? lamps (maximum spectral 
peak at 3660A), no significant increase in cell recovery 
was noted. The average kill as determined after expo- 
sure to UV and reactivating light was 99.996 per cent 


chamber, interior view 


provides about 7500 microwatt-minutes of irradiation 
per sq em of paper. An ordinary sheet of paper can be 
disinfected in 30 seconds. One hundred per cent of 
Serratia marcescens cells and T-3 coliphage, and 99.97 
per cent of Bacillus subtilis var. niger spores were killed 
when paper contaminated with these organisms was 
passed through the apparatus. Photoreactivation of 
Escherichia coli B/r cells exposed to UV in the chamber 
could not be demonstrated. The chamber is useful 
for processing laboratory data sheets as they are passed 
from a contaminated to a clean area. 
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Growth Rates of Lactobacillus and Leuconostoc Species in Orange 


Juice as Affected by pH and Juice Concentration 


N. B. Rusuine, M. K. Vetpuuis AND VINCENT J. SENN! 
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Received for publication November 14, 1955 


Bacteria of the Lactobacillus and Leuconostoc species 
are frequently encountered in concentrated orange 
juice. Several strains have been identified with a type 
of spoilage known as ‘‘buttermilk off-flavor” charac- 
terized by the presence of diacetyl in the product. The 
processing conditions under which this substance is 
formed by the bacteria are not known. It is assumed, 
however, that the bacterial populations are probably 
large and that the environment in some stage of the 
evaporation process must be particularly favorable for 
the synthesis and accumulation of diacetyl. In sup- 
port of this assumption, Hays and Riester (1952) ob- 
served lactobacilli and leuconostoc in commercial 
citrus juice evaporators, particularly in the early 
stages where the concentration of the juice is relatively 
low. 

From orange concentrate showing this type of spoil- 
age, Hays (1951) isolated Lactobacillus brevis and Lac- 
tobacillus plantarum var. mobilis strains which were 
capable of growing in 35 Brix concentrate. He states 
that these organisms came from the fruit, gained ac- 
cess to the evaporators with the feed juice, and multi- 
plied in the citrus solids which were not being continu- 
ally washed free from the surfaces of the evaporators. 

Murdock et al. (1952b) found two of the most prev- 
alent spoilage organisms causing this type of off- 
flavor to be species of the genera Lactobacillus and 
Leuconostoc. They found that the development. of off- 
flavor depended on the strain of organisms, the size of 
the inoculum, and the period of incubation. They 
believed it could be possible for off-flavors to develop 
in some types of evaporators where recirculation allows 
the juice to stay in the first effect for unusually long 
periods of time. However, they considered that the con- 
denser was the most likely point for a buildup of con- 
taminants to occur. 

Hays and Riester (1952) described the cultural char- 
acteristics of Lactobacillus and Leuconostoc species 
concentrate. They 
reported Lactobacillus to be the predominant spoilage 
type in high-acid juices, and the less-acid-tolerant 
Leuconostoc in the lower acid juices. These species 
produced diacetyl! as one of the products of fermenta- 


recovered from spoiled orange 


1One of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, United States 
Department of Agriculture. 
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tion when cultured in orange juice in the laboratory. 
Concentrations of orange juice suitable for the growth 
of these organisms were found in the early stages of 
evaporation in the vacuum concentrators. 

Murdock et al. (1953) observed that the majority 
of true gum-forming organisms, coccoid in shape, cata- 
lase negative, and belonging to the genus Leuconostoc, 
grew in orange juice and produced off-flavors. Most 
catalase positive coccoid organisms failed to grow in 
orange juice. The former type of organism was iso- 
lated from unsound fruit, and the latter from sound 
fruit. 

Faville et al. (1951) studied the ability of Leuconostoc 
mesenteroides to grow at 30 C in orange juice and con- 
centrate. They took hourly platings for seven hours 
and found that this organism remained static at pH 
3.68 in 10.5 Brix juice and died rapidly at pH 3.5 in 
42 Brix concentrate. 

In their studies on the detection of diacetyl, Hill 
et al. (1954) reported on the growth of L. plantarum 
and of a gum-forming spherical organism in recircu- 
lated 20 Brix concentrate at pH 3.9. Off-flavors were 
produced in conjunction with a large increase in num- 
bers for both organisms. 


MATERIALS AND METHODS 


Sufficient Valencia orange concentrate to complete 
the proposed study was prepared in a pilot plant evap- 
orator and adjusted to 42 Brix with distilled water. 
After thorough mixing, it was sealed in 46-ounce cans 
and stored at —20 C. When needed, the concentrate 
was thawed quickly in running tap water. The desired 
concentration was obtained by dilution with distilled 
water and the pH adjusted with sodium hydroxide or 
citric acid. Erlenmeyer flasks were half-filled, that is, 
250 ml of 12 Brix orange juice in 500-ml flasks, 150 
ml of 18 or 24 Brix concentrate in 300-ml flasks, and 
50 ml of 32, 37 or 42 Brix concentrate in 125-ml flasks. 
For economy of materials smaller flasks were used as 
the concentration was increased, but in each case, the 
‘atio of surface to volume remained of the same order. 
The flasks of juice were placed for 30 minutes in flowing 
steam, then cooled and stored at —20 C. Control plates 
demonstrated that this procedure produced sterility. 
They were allowed to warm to 21 C before inoculation. 

In order to insure a vigorously growing culture each 
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test organism was inoculated into orange serum broth, 
incubated for 24 hours then transferred to 12 Brix 
orange juice, and incubated overnight. Subcultures 
thus prepared were used to seed the orange juice or 
concentrate for growth rate determinations. The size 
of the inoculum was chosen to obtain initial counts 
in the range 100,000 to 300,000 organisms per ml. 
The inoculated flasks used in the growth rate studies 
were shaken continuously on a Kahn-type shaker at 
40 oscillations per minute while incubated at 21 C. 
This temperature was chosen as representative of 
that existing in commercial evaporators during opera- 
tion, and shaking was used to simulate the agitation 
of the juice during concentration. 

Aliquots of the seeded orange juices or concentrates 
were taken at the time of inoculation and at hourly 
intervals for seven hours. These samples were diluted 
and plated in duplicate on orange serum agar (Murdock 
et al., 1952a). The plates were incubated at 30 C for 
Lactobacillus and 21 C for Leuconostoc. Plate counts 
were made at 24 to 36 hours for Leuconostoc and 48 
hours for Lactobacillus. 

Hays and Riester (1952) isolated L. brevis, strains 
B27 and B28, L. plantarum var. mobilis, B29 and B32, 
Leuconostoc dextranicum, B34 and B35, and L. mesen- 
teroides, B42 and B47 from orange concentrate showing 
“buttermilk” spoilage. Subcultures of these strains were 
obtained from these investigators and used for these 
studies. When grown in orange juice, all of these organ- 
isms produced off-flavors characterized as being of the 
“buttermilk” type. 

Growth rates for these organisms were determined 
in the following order: (1) in portions of 12 Brix juice 
at pH 3.4, 3.6, 3.8, and 4.0; (2) in portions of 18, 24, 32, 
37, and 42 Brix concentrate at pH 3.8; and (3) in 
portions of 18 Brix concentrate at pH 3.4, 3.6, 3.8, and 
4.0. All experiments were in triplicate except where 
cross checks were made (18 Brix at pH 3.8). In this 
case there was a total of six replicates. Both strains of 
each organism were treated in this manner; therefore, 
the values reported are averages of 3 to 6 determina- 
tions. 

The logio of the number of organisms per ml was 
plotted against time. Usually the points fell along a 
straight line, indicating regular logarithmic growth. In 
those few cases where appreciable deviation from 
logarithmic growth was observed, the results of that 
fermentation were discarded and _ the 
repeated. 

The most probable line of logarithmic growth was 
calculated for each series of platings, and the replicates 
of each strain were averaged. The following formulas 
were used (Youden, 1951): 


experiment 


a=y-— bz 


where a is a constant representing the logio of the 
initial microbial population, y is the logis of the number 


[VoL. 4 


of organisms per ml at time « in hours, and b is the slope 
of the line; and 


_ ntay — Larry 

~ nda? — (Ex)* 
where n is the number of platings in a series. The jp. 
crease in the logio of the number of organisms per mj 
per hour will be referred to hereafter as the growth 
rate. In order to allow for a lag period during which the 
organisms became adjusted to the change in osmotic 
pressure of the medium, the initial counts were not 
used in the calculations. Instead, calculations were 
based upon the plate counts beginning with the end of 
the first hour of incubation. 

Generation times are based on the equation: 


t log 2 


= hn. Di ( ) : 
F log b — log B Porter, 1946) 


where g is the generation time, ¢ is the time in hours, 
b is the number of bacteria per ml at time ¢, and B js 
the number of bacteria per m] at the beginning of the 
experimental period. If ¢ is considered to be one hour, 
then log b — log B is the growth rate, and 


log 2 
Q=* —— 
growth rate 


RESULTS AND DISCUSSION 


In order to illustrate the course of the plate counts, 
a typical series of determinations is presented for L, 
plantarum var. mobilis in figure 1. In this case, the 
fermentations at pH 3.4, 3.8, and 4.0 were started from 
the same inoculum. The pH 3.6 fermentation was made 
on another day and the initial counts were different. 
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Fic. 1. Typical growth curves of Lactobacillus plantarum 
var. mobilis in 12 Brix orange juice. 
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1956) GROWTH RATES OF BACTERIA IN ORANGE JUICE YY) 


The counts have been plotted on a logarithmic scale, 
and it will be noted that straight lines are formed 
indicating logarithmic growth. 

The growth rates of two strains each of two species 
of Lactobacillus and of two species of Leuconostoc in 
orange juice at several concentrations and pH values 
gre summarized in table 1. 

In general, both strains of each organism were very 
much alike in growth rates. With the exception of L. 
brevis at 37 Brix and pH 3.8, the differences are very 
mall. It is of interest to note that much more erratic 


TasLe 1. Effect of pH and concentration of orange juice on the 
growth rates of four species of bacteria 


Lactobacillus 


Orange Lactobacillus Leuconostoc Leuconostoc 
Juice brevis Lender vd dextranicum mesenteroides 

F; Strain no. 

ae 

z5 pH 

ag B27 B28 B29 B32 B34 B35 B42 B47 

12 | 3.4) .032 .037  .044 .043 -.062, .061— .026 — .025 


3.6 .052 .050 | .064| .067| .11 | .11 051 047 
3.8 .077 .079 | .094) .093) .14 | .14 43 13 
4.0 .10 12 AB.) 3340) 20128) 23 33 
18 | 3.4) .027 028 .035 .036 .033) .033 —.037 — .035 
3.6 .0388 .037 .047 .044, .051 .056 —.025 — .024 
3.8 .067 .063 .076 .073 .089 .09 .O81 O81 
4.0 .086 .086 | .098| .095) .11 | .11 10 .10 
413.8) .054 .054 | .065 .062 .071) .073 .065 | .067 
32 | 3.8 .031 .037 | .048! .048) .042) .044! .037 037 
37 «3.8 = .006 015 .025 .023 .023 .029 .024 .022 







42 | 3.8—.021 —.026  .014 .012 .014 .014 —.006 — .003 
24 : 
j= Lact. brevis 
2=Loct. plantarum, 4 
20 var. mobilis 
- 3=Leu. dextranicum 


4=Leu. mesenteroides 
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Fig. 2. Growth of Leuconostoc and 


Lactobacillus 
species in orange juice of 12 Brix at different pH values. 


rates 


results were obtained when sterile media were stored 
for several days at about 4 C before use. This kind of 
result decreased when the sterile media were stored at 
—20 C. Evidently changes take place in orange juices 
at refrigerator temperatures which affect its quality 
as a culture medium. 

The highest growth rate found was that for L. 
mesenteroides in 12 Brix juice at pH 4.0. This organism 
was the only one studied which showed a negative 
growth rate in 12 Brix juice (at pH 3.4), indicating that 
this species is most sensitive to changes in pH of the 
four studied. In general, the two Lactobacillus species 
were very similar to each other, with L. plantarum var. 
mobilis growing a little faster under all conditions. The 
genus Lactobacillus is known to be more acid tolerant 
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Fic. 3. Growth ‘rates of Leuconostoc and Lactobacillus 
species in pH 3.8 orange juice or concentrates at different 


concentrations. 


TABLE 2. Generation times in hours of Lactobacillus and 
Leuconostoc species in orange juice or concentrates 
at various pH values 
Generation time in hours 


Orange Juice 


Lactobcilas tromtaram | Jéaconesee | mesenie 
Degrees edit var. mobilis roides 
Brix pH 
12 3.4 &.8 6.8 4.9 ay 
3.6 5.9 4.6 2.8 6.1 
3.8 3.9 3.2 2.2 2.3 
4.0 2.4 2.3 1.5 1.4 
18 3.4 10.7 8.4 9.1 ? 
3.6 7.9 6.7 5.6 : 
3.8 4.6 4.0 3.3 3. 
4.0 3.5 3.1 2.7 3.0 
24 3.8 5.6 4.7 4.2 4.6 
32 3.8 8.8 6.3 7.0 8. 
37 3.8 27. 12.5 11.6 13.1 
42 3.8 6 23. 22. 


* Negative growth rates were encountered under these 
conditions. 
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than is Leuconostoc, and this is confirmed for the species 
examined in this study, since increasing acidity reduced 
the growth rates of the Leuconostoc species more than 
those of the Lactobacillus species. 

Negative growth rates are indicative of a decrease in 
viable (plate) count due to unfavorable environmental 
conditions. These conditions for L. mesenteroides were 
present in 12 Brix juice at pH 3.4, in 18 Brix concentrate 
at pH 3.4 and 3.6, and in 42 Brix concentrate at pH of 
3.8. The least favorable conditions for this species 
occurred in 18 Brix concentrate at pH 3.4. The decrease 
in viable cells was about the same in 12 Brix at pH 3.4 
as in 18 Brix at pH 3.6. 

For all strains examined, the growth rate decreased 
as the pH decreased. Figure 2 illustrates the results 
obtained with 12 Brix juice as the pH was varied. Only 
L. mesenteroides shows a response to pH markedly 
different from the others. The two Lactobacillus species 
show essentially parallel behavior. L. dextranicum was 
somewhat more sensitive to pH change than the 
Lactobacillus species, but only L. mesenteroides was 
extremely sensitive to the pH of orange juice. 

All organisms grew more slowly as the concentration 
of orange juice was increased. Negative growth rates 
were observed at 42 Brix for L. brevis and L. mesen- 
teroides, but not for the other two species. 

While curves shown in figure 3 for each genus are 
approximately parallel, there is a somewhat greater rate 
of change of the response of the Leuconostoc species 
than of the Lactobacillus species between 12 and 18 
Brix. L. brevis is somewhat more sensitive to increase in 
concentration above 37 Brix than are any of the other 
species. 

In as much as generation times may be of somewhat 
greater utility in interpreting plant experience than are 
growth rates, these were computed for each of the four 
species studied. The average growth rates for the 
‘two strains of each species were used because they did 
not differ significantly. The values obtained are pre- 
sented in table 2. 

If the highest growth rate is taken as an example, it 
would be necessary for L. mesenteroides to remain in the 
evaporator at 12 Brix and pH 4.0 for 1.4 hours in order 
for the population to double. Because juice in the 
operating evaporator is concentrated rapidly and the 
over-all retention time is a matter of a few minutes, 
not hours, it becomes difficult to explain the develop- 
ment of significant numbers of these organisms on the 
basis of the growth rates observed, unless other factors 
are considered. Such factors might be the propagation 
of the microorganisms in static films on the walls of 
condensers or evaporators, or in pockets of relatively 
undisturbed juice. The possibility that the organisms 
had already developed in the fruit has not been ruled 
out entirely. 

Barreto’s Master of Science thesis (1953), on L. 


[von, 4 


brevis, L. plantarum, and L. mesenteroides in orang 
juice media indicates essentially the same growth rate 
under microaerophilic and aerobic conditions. Thp 
differences were insignificant when considering the ting 
necessary for off-flavors to develop. 


SUMMARY 


Growth rates were determined in orange juice and 
in orange concentrates for 8 strains of bacteria which 
had been isolated from commercial frozen orange con. 
centrates exhibiting buttermilk off-flavor spoilage. 
The concentrations of orange juice varied from 12 to 4? 
Brix and the pH from 3.4 to 4.0. Leuconostoc species 
were more affected by changing pH than were Lacto. 
bacillus species. Leuconostoc mesenteroides was especially 
sensitive to pH change. Negative growth rates were 
observed for Leuconostoc mesenteroides at pH 3.4 in both 
12 and 18 Brix, at pH 3.6 in 18 Brix, and at pH 3.8 in 42 
Brix. Lactobacillus brevis also had a negative growth 
rate of pH 3.8 in 42 Brix. The most rapid growth ob- 
served was that of Leuconostoc mesenteroides at pi 
4.0 in 12 Brix. This growth rate was equivalent toa 
generation time of 1.4 hours. It is believed that there is 
little chance of off-flavor development in commercia| 
evaporators as a result of the growth of these organisms 
except in pockets or films where juice turnover is 
abnormally slow. 
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The Survival of Coliforms, Streptococcus faecalis and Salmonella 
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The utilization of sewage in agriculture has lately 
heen receiving increasing attention in many countries. 
The question is especially important in a country with 
limited water resources like Israel where insufficient 
rainfall must be supplemented by irrigation. In order 
to evaluate the public health hazard involved, it is 
necessary, among other things, to obtain information 
on the survival of enteric organisms in the soil. This 
subject has been reviewed extensively and summarized 
by Rudolfs et al. (1950). 

The purpose of the present investigation, which was 
started early in 1951, is to study the survival of enteric 
bacteria in the soil under the field conditions obtained 
in Israel. The climate is characterized by long, hot, and 
dry summers and resembles that of the San Joachim 
Valley in California. 


MATERIALS AND METHODS 


Coliforms, Streptococcus faecalis and Salmonella 
tennessee were chosen for study. The streptococcus was 
of particular interest in the light of Mallmann and 
Litsky’s (1951) suggestion that enterococci might be 
good indicators of fecal pollution. The survival of these 
species was studied at the soil surface and at a depth, 
in summer and winter, in cultivated and uncultivated 
plots. The survival of S. tennessee was also studied in 
open storage tanks of the type commonly used in irriga- 
tion practice in Israel. 

The types of sewage used were either raw domestic 
sewage, trickling filter effluent (Righbi et al. In Press) or 
raw domestic sewage mixed with a suspension of S. 
tennessee. 

The experiments were carried out in plots situated in 
a valley near Jerusalem, the soil consisting of terra- 
rossa (Mediterranean red limestone soils poor in organic 
matter). The plots were prepared for irrigation experi- 
ments under the supervision of the Water Department 
of the Ministry of Agriculture in 1951. The agricultural 
part of the work was carried out by the Soils Depart- 
ment of the Agricultural Research Station of Rehovot. 
The experiments involving the survival of coliforms and 
S. faecalis in soil irrigated with raw sewage and trickling 
filter efluent were carried out in the summer of 1951 and 
repeated in 1953. All of the other experiments were 
carried out in 1952. 
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Jerusalem sewage is strong. The B.O.D. usually 
ranges between 800 to 1200 ppm; and the most probable 
number (MPN) of coliforms is generally of the order of 
10° to 10’ per ml. Pathogenic bacteria can occasionally 
be isolated. Thus, out of 18 samples of sewage exam- 
ined, Salmonella sp. (Type Meleagris) according to 
Bergey’s Manuai was found in two samples, Salmonella 
typhimurium in one, and Shigella dysenteriae in another. 
Intestinal parasites are frequent, and include eggs of 
Ascaris, Trichuris, Trichostrongylus, Taenia, Hymeno- 
lepis, rhabditoidic larvae and cysts of Giardia lamblia 
and Endamoeba. The trickling filter effluent has a 
B.O.D. lying generally between 150 and 250 ppm. The 
MPN of coliforms is usually of the order of 10° or 10°. 
Parasites are found less frequently and in smaller num- 
bers in the trickling filter effluent than in raw sewage. 

The procedure generally adopted was to run the 
sewage in the furrows of the experimental plots. Sam- 
ples were subsequently taken from various depths of 
soil over a given period, and the bacterial numbers 
determined. When S. tennessee was studied, cultures of 
this organism were added to sewage to give a count 
roughly equal to the coliform MPN. 

Soil samples were taken from the surface of the soil 
and at depths down to 8 in. In the latter case the 
overlying and surrounding soil was first carefully 
removed with a scoop to prevent particles from fall- 
ing in. 

Each sample examined was composited from three 
samples taken at random from the plot studied. Twenty 
grams of each composite sample were placed in sterile 
Erlenmeyer flasks, 180 ml of sterile saline were added, 
and the resulting mixture was then shaken for two 
minutes. After settling for 30 seconds, a series of dilu- 
tions was prepared from the suspension. Three such 
composite samples were taken for each plot and the 
results averaged. 

The MPN of coliforms was determined by inoculating 
the dilution into lactose fermentation tubes. Salmonella 
was enumerated by the method of Heukelekian and 
Shulhoff (1935): One ml of dilution was poured and 
spread on Salmonella-Shigella plates (Difco SS). The 
plates were dried in an incubator, then covered and 
placed upside down. After 24 hours the colonies could 
be counted with ease. Counting was still easier after 48 
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TaBLeE 1. MPN of coliform and Streptococcus faecalis per gram 
of soil irrigated with raw sewage and trickling-filter effluent 


Plot Irrigated with 


Days after Raw coun Trickling-filter effluent 
Irrigation sie Ss fh ETS 
Cottorme | Sheleeews Cottons | Seplcae 
1 6, 200 ,000 360 ,000 1,100,000 70,000 
4 700 ,000 24,000 240 ,000 7,000 
6 240,000 24,000 70,000 2,900 
8 24,000 7,000 95 ,000 3,300 
2,400 29 ,000 2,400 


10 50,000 


hours, by which time the center of the colonies had 
usually darkened somewhat, owing to the formation 
of sulfides. Individual colonies were identified by 
agglutination tests with Kauffmann sera (1950). The 
MPN of S. faecalis was determined by using Rothe’s 
azide dextrose broth (Rothe, 1931) as recommended by 
Mallmann and Seligman (1950). Positive findings were 
verified microscopically, and specific tests were occa- 
sionally carried out to confirm that the organism was 
indeed S. faecalis. These tests comprised the ability (1) 
to grow in tryptose broth containing 6.5 per cent so- 
dium chloride; (2) to survive at a temperature of 60 C 
for 30 minutes; and (3) to decolorize and clot litmus 
milk. 

Preliminary experiments were made in order to 
determine whether the method employed gave low 
counts because of the adsorption of bacteria by the 
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soil. It was shown that on shaking Salmonella suspen. 
sions with soil and allowing to settle, the count of the 
suspension remained essentially unchanged. 


RESULTS 

A comparison was made of the survival in summer of 
coliforms and S. faecalis in soil irrigated with ray 
sewage and trickling-filter effluent, respectively. Ray 
sewage and trickling-filter effluent were run in the 
furrows of two uncultivated plots. The numbers of 
coliforms and streptococci found in the soil at a depth 
down to 4 in on successive days are given in table |. 

It may be seen that the number of coliforms and 
streptococci dropped rapidly for both plots. After g 
few days, differences between the two plots ceased to be 
very marked. The rate of disappearance is roughly 
similar for raw sewage and trickling-filter effluent. This 
suggests that from the point of view of bacterial sur- 
vival no advantage is gained by irrigation with trickling. 
filter effluent. 

A study was made of the survival of S. tennessee and 
coliforms in uncultivated soil in winter. A calculated 
amount of S. tennessee culture was added to raw sewage. 
The mixture so obtained was found to contain 2 X 10° 
Salmonella organisms and 2.4 X 10° coliforms per ml. 
The mixture was applied to a plot 160 sq ft in area 
which had been irrigated with raw sewage during the 
previous summer. The coliform and Salmonella popula- 
tions in subsequent days are represented graphically in 
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Fic. 1. Numbers of Salmonella and coliforms at surface of plot irrigated in winter with raw sewage containing Salmonella 
lennessee suspension. 
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fgures 1 and 2. The figures also contain graphs of 
weather readings and soil moisture, taken concurrently 
with the determination of bacterial numbers. 

Rain fell frequently during the experiment. Air tem- 





SURVIVAL OF COLIFORMS IN 


ISRAEL SOIL AND CLIMATE 103 
peratures at that period ranged from 2 to 21 C, the 
daily mean temperature varying from 3.5 to 17 C, with 
a median value of 10.5 C. Soil moisture at the surface 
ranged between 8 to 39 per cent, with a median value 
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OAYS AFTER IRRIGATION 


Fic. 2. Numbers of Salmonella and the coliforms at depth of 4 inches in plot irrigated in winter with raw sewage mixed with 


Salmonella tennessee suspension. 


TaBLeE 2. Salmonella 


faecalis per gram of soil. Plot irrigated in summer with raw 


tennessee, coliforms, and Streptococcus 


sewage mize d with Salmone lla tennessee SUS pe nsion 


Soil Moisture Sirepiococcus 


Per cent — oe tere ces | Coliforms (MPN faecalis 
Days (Dry Basis _ MPN 
Irriga 
— Sur- 4to8® in 4 to8 in 4 to & in . £tos 
face dept ee depth Surface depth —— Pra 
pt! 
] 23 29 725.000 30,000 700,000 70,000 10,000 4,000 
3 14 27 70.000 1,300 70,000 24,000 11,000 1,200 
5 9 25 550) 500, 12,00010,000 1,300 425 
Ss 7 21 45 3 1,300 4,500 240 450 
1] 6 17 2 0 600 3,700 400 450 
5b | 4/15 0 0 240 4,700 450 110 
17 3.8) 15.5 0 0 500 3.600 500 = =230 
19 3.2} 15.1 0 0 700, 1,200 500 = =220 
22 3.3, 14.3 0) 0 130 370 240 240 
38 3.1) 12.5 0) 0 80 425 13. 110 
TABLE 3. 

Storage tanks: count per ml of sewage 10,000 ,000 


Soil: count per gram 
Surface 


4 to 8 in depth ec 





of 22.4 per cent. At the two depths, soil moisture never 
fell below 19 per cent, nor did it rise above 30 per cent. 

As may be seen from figures 1 and 2, there was a big 
initial reduction in numbers of both S. tennessee and 
coliforms. Thus, at the surface, the numbers of both 
genera dropped from an initial number of millions and 
several hundred thousand organisms per gram of soil, 
to about 100, in 9 days. At depths of 4 in and 8 in this 
drop was somewhat smaller: The Sa/monella population 
dropped from a few hundreds of thousands to several 
hundreds, in 16 to 18 days, while for coliforms, a similar 
drop occurred in 16 to 21 days. The number of Sal- 
monella organisms continued to decrease as long as the 
experiment lasted; for coliforms, the graph flattened 
out at a figure of thousands or hundreds at the surface 
(after 9 days), and ten thousands or thousands at a 


Numbers of Salmonella tennessee in open storage tank and in the soil 


Days after Irrigation 


1 3 5 » 11 15 17 19 22 

100,000 1.300 450 300 100 30 1 0 
725.000 70,000 550 15 2 0 0 0 0 
30,000 1,300 500 3 0 0 0 0 0 
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depth (after 16 days). Once these figures were reached, 
the population appeared to become relatively stable, 
decreasing only slowly with time. The experiment 
lasted for 74 days. 

Salmonella disappeared by the 46th day at the sur- 
face, and the 70th day at a depth. Coliforms persisted 
throughout the experiment, though by the 64th day 
they numbered no more than a few tens per gram of 
soil, out of an original number of millions or hundreds 
of thousands. For both genera the numbers decreased 
more rapidly at the surface, and differences between the 
two depths do not appear to be significant. 

A study of the survival of S. tennessee, coliforms and 
S. faecalis was carried out in uncultivated soil in sum- 
mer. Sewage was allowed to stand for a few days in 500- 
gallon storage tanks made of galvanized iron sheet. On 
the day of the experiment, a suspension of S. tennessee 
was added. After mixing, the numbers were as follows: 
Salmonella, 10°; coliforms, 1.76 X 10°; streptococci, 
1.6 X 10*. The uncultivated plots were then irrigated 
with the sewage mixture, samples being taken at 
various intervals from the surface and from a depth of 
4 to 8 in. The bacterial numbers obtained are given in 
table 2. 


TABLE 4. The survival of Salmonella tennessee in cultivated plot 
(sunflowers) irrigated in summer once with sewage mixed 
with Salmonella suspension and subsequently with raw 
(uninoculated) sewage 


Day of Day of 
Irriga- _ Soil, Soil Moisture Salmonella tennessee, 
tion Sampling Per Cent Count per Gram 
a yt (Dry Basis) of Soil 
a oe oO ays o ays 
Sewage Used Since the Since the 
a ee 
ot the of the . ; 
Experi- Experi- — Sur- 4 4g Sertine 4 “9 8 
ment) ment) face depth ‘ depth 
Sewage mixed 0 0 29 = - 26.5 1,500,000 40,000 
with Salmo- 1 24 25 1,900,000 4,500 
nella suspen- 3 14 | 24 10,000 = 750 
sion 5 9 22 80 14 
7 7 20 5 5 
7 7 31 28 3 6 
9 16 29 120 80 
12 9.5) 23.5 35 350 
14 8 20.5 5 105 
14 15 23 25 0 13 
21 6.5 19 2 31 
23 4.0) 17.5 0 20 
imams | | . |. |. | | 
lated sewage 24 24 32 28 0 10 
; — 26 14 25 0 15 
28 10.5 19 0) i 
30 8.5) 19 0 5 
31 31 33 30 0 3 
37 12 21 0 0 
38 38 32 30 0 0 
44 13.5) 22 0 0 


S. BERGNER-RABINOWITZ 


[voL, 4 


Table 2 shows that Salmonella organisms died rapidly, 
In spite of the huge initial count at the surface, 
organisms were found there after 15 days. At a depth of 
4 to 8 in, and out of an initial 30,000 organisms per gram 
of soil, none remained after 11 days. Coliforms anq 
streptococci persisted throughout the experiment, which 
lasted 38 days. 

In summer as in winter, after the number of coliforms 
had fallen to a figure of hundreds at the surface and 
thousands at a depth, the population of this organism 
became relatively stable, decreasing but little with time. 
The decrease was similar for streptococci, the corre. 
sponding figure for a stable population being hundreds. 
both for the surface and for a depth. 

Judging by the rate of disappearance of both genera 
from the soil, streptococci do not appear to be prefer. 
able to coliforms as indicators of fecal pollution. 

In the course of the above experiment, the storage 
tanks containing the sewage mixed with the Salmonella 
suspension remained exposed in the field. In order to 
compare the survival of Salmonella in the open storage. 
tanks and in the soil, samples of sewage were taken from 
the tanks at various intervals, and the numbers of 
Salmonella determined. The results are given in table 3, 
together with the concurrent figures for Salmonella in 
the soil, reproduced from table 2. 

It may be seen that S. tennessee survived in the stor: 
age tanks longer than in the soil, disappearing by the 
22nd day in the former and the 11th to the 15th day in 
the latter. 

Figures 1 and 2 and tables 2 and 3 relate to the 
survival of Salmonella in the soil after a single applica- 
tion of sewage mixed with Salmonella suspension. In 
actual practice, however, it is common to_ irrigate 
every 6 to 8 days. It was therefore decided to determine 
the survival time of Salmonella in the soil on repeated 
irrigation as follows: 

Sewage mixed with Salmonella suspension was ap- 
plied in furrows to a sunflower plot. Following this, the 
soil was irrigated every 6 to 8 days with raw sewage to 
which Salmonella had not been added. The Salmonella 
count of the soil was determined at regular intervals. 
The results of this experiment, carried out between June 
and August 1952, are given in table 4. As may be noted 
from table 4, Salmonella disappeared by the 23rd day 
at the surface and the 37th day at a depth of 4 to 8 in. 
The figures during the first half of the experiment were 
obtained when the crop was still low and the soil well 
exposed to the sun. It appears that the survival time 0 
Salmonella in a cultivated plot in the summer, lies 
between the survival times for summer and winter it 
uncultivated plots. 
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Discussion 


The results reported above are in general agreement | 
with the viability of Salmonella typhosa as observed by | 
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Skinner and Murray, 1926; Mallmann and Litsky, 
1951) and is also brought out in the results presented 
here. 

Figure 3 shows the relationship between the MPN of 
streptococci and coliforms surviving in soil, and figure 
4 shows a corresponding relationship between Sal- 
monella and coliforms. The relationship is linear in 
both cases. The coefficients of correlation have been 
calculated to be positive. For streptococci and coliforms 
the coefficient was found to be r = +0.76 with a stand- 
ard error of 0.15. The corresponding values for Sal- 
monella and coliforms were found to be 0.95 and 0.23. 
This shows that in soil following irrigation a decrease 
of one genus is closely related with a decrease of the 
other two, and, as the coefficient is more than 4 to 5 
times the standard error in each case, the coefficient may 
certainly be accepted as significant. 
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SUMMARY 


Uncultivated plots were irrigated in summer with 
raw sewage and trickling-filter effluent. The rate of 
disappearance of coliforms and streptococci from terra 
rossa soil irrigated with raw sewage or trickling-filter 
effluent was found to be the same. This suggests that 
from the point of view of bacterial survival no advan- 
tage is gained by irrigation with trickling-filter effluent 
instead of raw sewage. 

A study was made of the survival of Salmonella 
tennessee and coliforms in soil, during the winter. In soil 
irrigated once with sewage to which a Salmonella sus- 
pension had been added, there was a big initial reduction 
in numbers of both genera. Salmonella organisms con- 
tinued to decrease throughout the experiment, disap- 
pearing by the 46th day at the surface of the soil, and 
the 70th day at a depth. The coliform population, 
however, decreased until it became relatively stable, 
showing but little change with time. This condition 
was generally obtained at a figure of thousands or 
hundreds at the surface, and ten thousands; or thou- 
sands at a depth. 

A study similar to that described above, but including 
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Streptococcus faecalis was carried out also in summer. 
Salmonella organisms disappeared from the surface of 
the soil by the 15th day, and from a depth by the 11th 
day. Coliforms and streptococci persisted throughout 
the experiment which lasted 38 days. Judging by the 
rate of disappearance of both genera, it seems likely 
that streptococci are not to be preferred to coliforms as 
indicators of fecal pollution of the soil. 

A suspension of Salmonella tennessee was added to 
raw sewage kept in open storage tanks in the field. A 
portion of the mixture was applied to uncultivated 
plots, the rest remaining in the tanks. Salmonella 
tennessee survived in the storage tanks longer than in the 
soil, disappearing by the 22nd day in the former and the 
11th to the 15th day in the latter. 

A study of the survival of Salmonella tennessee was 
carried out in summer in the soil of a growing sun- 
flower crop under sewage irrigation. This pathogen 
disappeared by the 23rd day at the surface and the 
37th day at a depth, that is, between the corresponding 
summer and winter survival times for uncultivated 
plots. 

There is a straight-line relationship between the 
decrease in numbers of Salmonella, coliforms, and strep- 
tococci. The coefficients of correlation have been 
found to be positive and significant. 
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Fluid media such as Cohen-Wheeler medium and 
semi-synthetic media containing charcoal are now 
replacing the classical Bordet-Gengou medium in the 
production of pertussis vaccine. But since pertussis 
vaccine made by the Michigan Department of Health 
Laboratories from growth on Bordet-Gengou medium 
has been repeatedly demonstrated in field trials to give 
a high degree of protection, most recently by the 
Medical Research Council Investigation (1951) of 
England, we, in this laboratory, continue to use Bordet- 
Gengou medium. 

Normally, sheep blood is added to the Bordet-Gengou 
agar base. Owing to the difficulty of obtaining such 
large amounts of sheep blood needed for the preparation 
of vaccine media in Formosa, our attention has been 
directed to finding other animal blood as a suitable 
substitute. Cow’s blood was selected for study because 
it is easily obtainable from local markets and calves 
previously used for the production of small pox vaccine 
might serve as a source. 

Because the results of preliminary experiments were 
quite gratifying, we now routinely use cow’s blood for 
the preparation of Bordet-Gengou medium. The authors 
are unaware of any previous report in the literature 
concerning the use of cow’s blood in Bordet-Gengou 
medium. 


MATERIALS AND METHODS 


Four strains of Haemophilus pertussis obtained from 
the Michigan Department of Health Laboratories, 
Lansing, were used for the preparation of the vaccine: 
Numbers 18-323, 10-536, 22-490 and 23-757. 

The method used for the preparation of the vaccine 
was exactly parallel to the procedure described in the 
outline for production of pertussis vaccine, Michigan 
Department of Health Laboratories, Lansing, (World 
Health Organization Report, 1953) excepting that cow’s 
blood was substituted for sheep’s blood in preparation 
of the medium. 


RESULTS 


Growth. Altogether 30 lots of media were planted 
during 1954. The growth averaged 33 billion organisms 
per ml of medium, ranging from 17 to 45 billion per ml 
as indicated by photometric determinations. There was 
no appreciable difference between our medium and the 
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classical Bordet-Gengou medium in capacity for sup- 
porting bacterial growth. 

Mouse protection test. For testing the potency of vac- 
cine, the method used was that outlined in Minimum 
Requirements (National Institutes of Health, 1952), 
and the method of Wilson and Worcester (National 
Institutes of Health, 1948) was used for determining the 
EDs». All the mice used were DD pure line, supplied by 
the animal breeding room in this laboratory. While 
both National Institutes of Health (NIH) reference 
vaccine (USA) and a lot of vaccine obtained from the 
Michigan Department of Health Laboratories (MDH), 


TABLE 1. Resulls of mouse protection test 


Challenge 





| sai 
Test No.| Vaccine Lot No. *EDso | yw Culture 
| agi : | LDso 
= | | or 
millions | | 
} | 
1 Plain vaecine la 353 | 0:59 | 335 
MDH vaccine (reference) 592 | 1.00 | wi 
| : 
2 | SS2t 347 | 0.89 
NIH referencet 952 | 2.44 518 
MDH vaccine 389 | 1.00 
3 | 883 102 | 0.37 | ne 
MDH vaccine (reference) 272 | 1.00 
eae Sry ee ee ee . | 
4 | SS 4 370 | 0.89 
S85 510 | 1.23 | 210 
MDH vaccine (reference) 413 | 1.00 
5 | DTP vaccine #1 1,141 | 1.00 | 179 
MDH vaccine (reference) 1,141 | 1.00 | : 
_ — ——_——___—_——_— — —. _ —|— Sk + $$$ 
6 | SS6 268 | 1.25 | 
SS7 | 201} 0.93 | 273 
| MDH vaccinef (reference) | 214] 1.00 
7 | DTP vaccine #2-2 201 | 1.00 
SS 8,9 300 | 1.49 352 
MDH vaccine (reference) 201 1.00 
— . —_— _ — a 
8 | DTP vaccine 3-1 | 179} 0.48 
SS 10 | 335 | 0.89 254 
| 376 | 


MDH vaccine (reference) 1.00 


* Analysis by Wilson-Worcester 
stitutes of Health, 1948). 

+ SS refers to screen sublots; MDH to Michigan Depart- 
ment of Health; NIH to National Institutes of Health; and 
DTP to diphtheria-tetanus-pertussis vaccine. 


method, (National In- 
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Grand Rapids Branch, were included in test No. 2, only 
the MDH vaccine was used as a reference in the other 
tests, because we did not have enough NIH reference 
vaccine on hand. It is noted, as indicated by the 
results of test No. 2 in table 1, that the lot of MDH 
vaccine used for reference was of higher potency than 
the NIH reference vaccine. 

Our vaccines, derived from Bordet-Gengou medium 
containing cow’s blood, were all able to stand compari- 
son in potency with the lot of Michigan Department. of 
Health vaccine used for reference. The potency of lots 
SS *5, ¥6 and #8, *9 combined were slightly lower 
than the reference vaccine, but the differences were not 
statistically significant. The comparison of potencies is 
on a per bacterium basis and, therefore, cannot be 
directly interpreted in terms of the present NIH (USA) 
requirements which are based on mouse protective 
units per total human dose. 

Toxicity tests. The toxicity tests were done according 
to the National Institutes of Health minimum require- 
ments for pertussis vaccine (National Institutes of 
Health, 1952) except that a larger dosage was used than 
required. In all instances the mice gained weight after 
seven days, and all the vaccines passed the toxicity 
tests. 


DISCUSSION 


We can see from the above results that the production 
of pertussis vaccine from Bordet-Gengou medium con- 
taining cow’s blood presented no difficulty in either of 
the three important features that is, growth, potency 
and toxicity. 

For laboratories where sheep’s blood is not readily 
available, this substitution of cow’s blood may prove 
to be of interest. One may question the hazards of using 
blood from calves that had been used for the production 
of small pox vaccine. It is accepted that in general any 
animals used as blood source should be healthy. They 
should be free of tuberculosis, brucellosis, Q fever, foot 
and mouth disease and any other diseases. The question 
here is whether the blood might contain vaccinia virus. 


T. M. LIN, C. H. LIU AND GC. P. HSHU 
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The interval between planting of vaccinia virus an¢ 
drawing of blood (just before harvest of vaccine) was 
eight days. After the routine sterility test of the sublots, 
the stock suspension was tested for vaccinia virus by 
inoculation of 0.1 ml into each of 10 eggs. In all in. 
stances these tests were negative, indicating that in the 
final product, at least, no living virus could be detected 
by methods employed. 

In our experience with 50,000 children immunized 
with diphtheria-tetanus-pertussis (DTP) vaccine jp 
which the pertussis component was so prepared, no 
untoward result was observed. Further studies are 
being made on the side reactions and immunological 
responses following vaccination in selected human 
groups. 
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SUMMARY 


Bordet-Gengou medium = containing cow’s — blood 
instead of sheep blood may be used for the preparation 
of pertussis vaccine. The growth in this medium and the 
results of potency and toxicity tests of the vaccine are 


considered satisfactory. 
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Many organic chemicals have been found to be 
active in controlling various physiologic processes as- 
sociated with plant growth. In the course of a study 
concerning the effect of one group of these compounds, 
the herbicides, on the respiration of members of the 
genus Azotobacter, Magee (1954) noted that the source 
of nitrogen in the respiratory menstruum affected the 
response of the organisms to 2,4-dichlorophenoxyace- 
tic acid (2,4-D). There was found to be a difference in 
the sensitivity to the action of 2,4-D between cells 
fixing nitrogen and cells utilizing fixed nitrogen. Dur- 
ing the present investigation it became obvious that 
this differential sensitivity was affected by the level of 
phosphate present in the respiratory medium. 

This study was undertaken to investigate: the dif- 
ferential sensitivity to 2,4-D of Azotobacter cells respir- 
ing in nitrogen-free and ammonium-nitrogen media; 
the effect of phosphate on the response of Azotobacter 
vinelandii to 2,4-D; and the effect of compounds re- 
lated to 2,4-D on the respiration of this organism. 


MATERIALS AND METHODS 


Preparation of ce suspensions. The basal medium 
used was the nitroSe n-free medium described by Fred 
and Waksman (1928). For the ammonium-nitrogen 
medium, ammonium carbonate, which had been previ- 
ously sterilized by filtration, was added to the basal 
medium to bring the final concentration of nitrogen to 
200 ppm. The pH of the medium was adjusted to 7.0. 

The organisms used were: a stock culture of Azofo- 
bacter agile; A. vinelandii strain Original; and a culture 
of Azotobacter chroococcum isolated from Mhoon type 
sugar-cane soil. 

To prepare cell crops, 1 ml of a 24-hr liquid culture 
was used to inoculate bottle slants which were then 
incubated at 30 C for 24 hr. The cells were washed 
from the surface of the bottle slants with either: a 
phosphate buffer solution (pH 7.0) prepared by adding 
50 ml of 0.2 mM KH2PO, to 29.6 ml of 0.2 m NaOH, 
making the solution 0.126 m with respect to phosphate; 
or a mineral salts solution (pH 7.0) of the same com- 
position as the basal medium except that the mannitol] 
was omitted. This latter solution was 0.003 mM with 
respect to phosphate. The turbidity of the cell suspen- 
sions was adjusted in a Klett-Summerson photoelectric 
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colorimeter by dilution with the same type of solution 
used for harvesting the cells, using the no. 42 filter. 
The turbidity of the cell suspension used in each ex- 
periment is indicated on each graph, following the 
symbol “K.S.” 

Preparation of solutions of 2,4-D and related com- 
pounds. Aqueous solutions of these compounds were 
used at strengths necessary to give the desired concen- 
tration when 0.5 ml of the material was tipped into the 
main compartment of the Warburg flask. The com- 
mercial formulations of the triethanolamine salts of 
2,4-D and 2,4,5-trichlorophenoxyacetic acid (2 ,4,5-T) 
had acid equivalents of 40 and 46 per cent, respec- 
tively. To secure a 2,4-D preparation free of the inert 
ingredients found in the commercial formulation, an 
equivalent amount of triethanolamine was _ reacted 
with 98 per cent pure 2 ,4-dichlorophenoxyacetie acid. 
The sodium phenoxyacetate was prepared by reacting 
an equivalent amount of sodium hydroxide with phen- . 
oxyacetic acid. 

Procedures for manometric experiments. The usual 
manometric technics for the operation of the Warburg 
constant volume respirometer, as described by Umbreit 
et al. (1951), were employed for the measurement of 
oxygen uptake by the cell suspensions. In all of the 
experiments, air constituted the gas phase. The tem- 
perature of the water bath was 31 C. All flasks were 
run in duplicate and each contained 0.1 ml of 20 per 
cent KOH in the center well and 1 ml of medium in 
the main compartment. Each sidearm contained 0.5 
ml of the material to be added to the main compart- 
ment; when two materials were to be added, double 
sidearm flasks were used and 0.5 ml of cell suspension 
of twice the usual turbidity was used in the main com- 
partment, rather than the 1 ml employed when only 
one material was added. The total volume was thus 
kept constant at 2.6 ml. The time of addition of ma- 
terial from the sidearm is indicated on each graph by 
the symbol “*T.” 


‘RESULTS AND DISCUSSION 


The differential sensitivity to 2,4-D of cells respiring 
in nitrogen-free and ammonium-nilrogen media. There 
was found to be no difference in the rates of active 
respiration of A. vinelandii in nitrogen-free and am- 
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Fic. 1. The effect of 2,4-D on the respiration of Azotobacter 
vinelandii in N-free and NH;*-N media. Cells harvested with 
phosphate buffer. Commercial triethanolamine formulation at 
0.032 m. (K.S.—turbidity of the cell suspensions measured in a 
Klett-Summerson photoelectric colorimeter. 


media (figure 1). This was true 
whether the cells had been grown on a nitrogen-free 


monium-nitrogen 


medium or on a medium containing ammonium-nitro- 
gen. It would be expected that the previous growth 
history of the organism, that is, whether the cells had 
been grown on a nitrogen-free or on an ammonium- 


nitrogen medium, would not affect the respiratory rate. 


when the cells were subsequently placed in the two 
media, in view of the report by Newton ef al. (1953) 
that A. vinelandii is able to utilize ammonium-nitrogen 
almost immediately after a transfer from nitrogen-free 
medium. Since the organism is able to fix nitrogen in 
the absence of a source of fixed nitrogen, it could be 
expected to do so when transferred from an ammo- 
nium-nitrogen to a nitrogen-free medium 

In the presence of 2,4-D, however, the respiration 
of the organisms was found to be differentially sensi- 
tive in the two media to the inhibitory effect of the 
herbicide. The results shown in figure 1 confirm the 
report of Magee (1954) that cells of A. vinelandii har- 
vested with the phosphate buffer were less sensitive to 
the action of 2,4-D while respiring in a nitrogen-free 
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medium than in one containing ammonium-nitrogen, 
This relationship also was unaffected by the previoys 
growth history of the organism as to nitrogen source. 

Cells harvested with the mineral salts solution rather 
than with the phosphate buffer are shown in figure 2 
to respond differently to 2,4-D. In this case the respi- 
ration of cells in the ammonium-nitrogen medium was 
less affected by the herbicide than was the respiration 
of cells in a nitrogen-free medium. The amount of in- 
hibition in both cases appeared to be less than that 
which was exhibited when the cells were harvested 
with the phosphate buffer (figure 1). 

To determine the possible influence of the constitu- 
ents of the mineral salts solution upon the reversal of 
the relative amounts of inhibition by 2,4-D in the two 
respiratory media, the experiment was repeated using 
cells harvested with preparations of the mineral salts 
solution in which each of the salts, in turn, was omitted, 
No difference in the results shown in figure 2 was ob- 
tained when each of the following was omitted: sodium 
molybdate, manganese sulfate, ferric chloride, or mag- 
nesium sulfate. 
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Fic. 2. The effect of 2,4-D on the respiration of Azotobacter 
vinelandii in N-free and NH,;*-N media. Cells harvested with 
mineral salts solution. Commercial triethanolamine formula- 
tion at 0.032 m. 
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The effect of phosphate on the response of A. vinelandii 
» 2,4-D. To determine whether the concentration of 
phosphate used had an effect on the respiratory re- 
sponse of A. vinelandii to 2,4-D, a test was made with 
ells harvested with the usual phosphate buffer solu- 
tion diluted 1:100. The results of this experiment were 
identical to those shown in figure 2 for cells harvested 
ith the mineral salts solution. When the cells were 
harvested with the mineral salts solution plus sufficient 
phosphate to make the concentration of phosphate 
equivalent to that in the buffer solution, the same 
results were obtained as those shown in figure 1 for 
ihe buffer solution alone. 

Since each of the preceding experiments was done 
on a separate cell crop, it was thought to be desirable 
touse a single crop of cells and then test the effects of 
the nitrogen media and of phosphate on the respiratory 
response of A. vinelandii to 2,4-D. It was demonstrated 
figure 3) that cells harvested with mineral salts solu- 
tion showed the same differential sensitivity in nitro- 
gen-free and ammonium-nitrogen media, being more 
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Fic. 3. The effect of phosphate on the inhibition of the res- 


piration of Azotobacter vinelandii by 0.032 m commercial formu- 
lation of triethanolamine 2,4-D. Cells harvested with mineral 
salts solution. D, E: phosphate added at beginning of test; 
FG: phosphate added with 2,4-D. 
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TABLE 1. The effect of increasing amounts of phosphate on the 
respiratory response of Azotobacter vinelandii to 2,4-D* 


Final Concentration Amount of Phosphate 
Added 


Oz Uptake 


of 2,4-D 

a molar ¢ pa ov a 
0 126 945 
0.032 0 832 
0.032 25 878 
0.032 63 462 
0.032 126 58 





* Phosphate and 2,4-D were added simultaneously after 
cells had respired 1 hr in an ammonium-nitrogen medium. The 
test period began 15 min after addition of agents and extended 
for 1 hr and 45 min. 


affected by 2,4-D in the former case. When sufficient 
phosphate was added to another portion of the cell 
crop to make the phosphate concentration equivalent 
to that obtained by harvesting cells with the phosphate 
buffer solution, the relative sensitivities were reversed, 
that is, cells respiring in the ammonium-nitrogen me- 
dium were more sensitive than cells in a nitrogen-free 
medium. Figure 3 also shows that the time of addition 
of phosphate was an important factor in determining 
the amount of increased inhibition produced by the 
phosphate. When the phosphate and 2 ,4-D were added 
simultaneously, the cells in both media were more in- 
hibited than when the phosphate was added at the 
beginning of the run and the 2,4-D was added 1 hr 
later. Another experiment demonstrated that even less 
enhancement of inhibition was obtained when the ad- 
dition of phosphate followed that of 2,4-D by 1 hr. 

When a phosphate buffer containing only sodium 
salts was used for harvesting in place of the potassium- 
and sodium-salt solution employed previously, the 
same results as those shown in figure 3 were obtained. 
These results indicate that the reversal of the relative 
sensitivities in the two media and the lesser sensitivity 
of cells respiring in either medium to inhibition by 
2,4-D were due to the lower concentration of phos- 
phate in the mineral salts solution. Since the medium 
itself contained considerable quantities of sodium as 
sodium chloride (0.2 g per L), it was considered un- 
likely that the addition of more sodium was responsible 
for the effect; therefore, no phosphate solution bearing 
solely potassium was tested. When an attempt was 
made to substitute arsenate for phosphate in the buffer 
solution used for harvesting, the cell suspension had 
no activity, presumably because of the toxic effect of 
the arsenate ion. 

The effect of the addition of increasing concentra- 
tions of phosphate simultaneously with 2,4-D to cells 
respiring in a medium containing ammonium-nitrogen 
is shown in table 1. The highest concentration of phos- 
phate used was equivalent to that added in the experi- 
ment graphed in figure 3, and the same effect of bring- 
ing about a marked inhibition of respiration was 
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Fic. 4. The effect of the sodium salt of phenoxyacetic acid 
and phosphate on the respiration of Azotobacter vinelandii in 
N-free and NH,*-N media. Cells harvested with mineral salts 
solution. 


demonstrated. Lower concentrations of phosphate are 
shown to display less effect. 

A. agile showed behavior identical to that of A. 
vinelandii under the conditions of the experiment 
graphed in figure 3. With A. chroococcum no difference 
in susceptibility to 2,4-D was displayed by cells re- 
spiring in nitrogen-free and ammonium-nitrogen media. 
However, increased susceptibility to 2,4-D in the 
presence of phosphate was demonstrated in both 
media. 

There have been presented in the literature several 
reports concerning the relation between 2,4-D and 
phosphate metabolism in higher plants. Such reports 
have dealt both with the influence of 2,4-D on phos- 
phate metabolism in the plant and with the influence 
of phosphate on 2,4-D action in the plant. In the 
former category are the reports of Loustalot ef al. 
(1953) on the influence on 2,4-D on plant phosphate 
content; and of Wort (1952) and Neely ef al. (1950) 
on the effect of 2,4-D on plant phosphatase and phos- 
phorylase activity. 

In the second category, Nance (1949) found that 
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TABLE 2. A comparison of molar concentrations of 2,4-D and 
related compounds required to inhibit the respiration of 
Azotobacter vinelandii* 


| Molar Concentra. 
' tion Required for 


Compounds 50 Per Cent 


Inhibition 
Triethanolamine salt of 2,4-D (commercial 
Oe EE oe a A ae a ee 0.032 
Triethanolamine salt of 2,4-D (pure) .. 0 .029-0.043 
SPMDURRIIOIIIBD oo go os ose shoes dice 45-68. kaos >0.2 


Sodium phenoxyacetate............... 
Triethanolamine salt of 2,4,5-T (commercial 
formulation). . ..| 0.0086-0.0095 


0.032-0.041 


* In nitrogen-free medium with no added phosphate. 
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Fic. 5. The effect of the triethanolamine salt of 2,4,5-T 
and phosphate on the respiration of Azotobacter vinelandii in 
N-free and NH,*-N media. Cells harvested with mineral salts 
solution. 


potassium dihydrogen phosphate enhanced the 2 ,4-D 
inhibition of nitrate accumulation in excised wheat 
roots, and, according to Bryan ef al. (1950), the inhibi- 
tion of the growth of soybean plants produced by 100 
ppm 2,4-D was increased by the addition to the herbi- 
cide solution of 0.25 per cent potassium dihydrogen 
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phosphate. ‘The finding reported here, that phosphate 
increases the inhibitory effect of 2,4-D, would seem, 
then, to be in agreement with reports of those investi- 
gators working with higher plants. 

The results of studies on the relations between 2 ,4-D 
and phosphate in higher plants have led several inves- 
tigators (for example, Bonner, 1954) to conclude that 
plant growth regulators affect growth and respiration 
through a system which involves the metabolism of 
phosphate. The findings reported here indicate that 


| this may be true also in the case of Azotobacter. 


The effect of compounds related to 2,4-D on the respi- 
ration of A. vinelandii. In table 2 are listed the molar 
concentrations of compounds related to the triethanol- 
amine salt of 2,4-D which are required for 50 per cent 
inhibition of the respiration of A. vinelandii in a nitro- 
gen-free medium. These experiments give indications 
as to which part of the molecule was effective in pro- 
ducing the respiratory inhibition. That the inert ma- 
terials present in the commercial formulation were not 
responsible for the effects is demonstrated by the fact 
that the pure triethanolamine salt of 2,4-D was ef- 
fective at approximately the same molar concentration 
as the commercial product. Since triethanolamine, per 
se, Was not inhibitory and sodium phenoxyacetate was 
effective at equal concentrations to the triethanolamine 
salt, it would seem that the phenoxyacetate moiety of 
the molecule, and not the triethanolamine or the two 
chlorine atoms, was responsible for the inhibition of 
respiration produced by 2,4-D. 

Although sodium phenoxyacetate was as effective as 
2,4-D in producing inhibition of respiration, the in- 
creased inhibition in the presence of high concentra- 
tions of phosphate and the differential sensitivity of 
cells respiring in nitrogen-free and ammonium-nitrogen 
media were not apparent with the unchlorinated com- 
pound (figure 4). 

The 2,4,5-T, differing from 2,4-D by the presence 
of one more chlorine atom, was 3 to 4 times more in- 
hibitory than the latter compound (table 2). Figure 5 
shows that the effect of phosphate in increasing the 
amount of respiratory inhibition brought about by the 
herbicide, is very evident with 2,4,5-T, as it was with 
2,4-D. In other work, not presented here, it was found 
that the differential sensitivity in the two nitrogen 
media was considerably less clear-cut with 2,4,5-T 
and results, in this case, were not conclusive. 

According to Bonner (1954), phenoxyacetate is es- 
sentially devoid of auxin activity in plants, whereas 
both 2,4-D and 2,4,5-T have a high degree of such 
activity. The effect of phosphate in increasing 2 ,4-D 
toxicity has been noted in the case both of higher 
plants and of Azofobacter. The fact that this phosphate 
effect is absent when sodium phenoxyacetate (which 
is without auxin activity) is bringing about the respir- 
atory inhibition suggests a similarity of 2,4-D action 


on phosphate metabolism in higher plants and in this 
microorganism. 
ACKNOWLEDGMENT 


The authors wish to thank the Dow Chemical 
Company for aid in the support of this research. 


SUMMARY 


In the presence of a low concentration of phosphate 
(0.003 m), cells of Azotobacter vinelandii were more sensi- 
tive to 2,4-D while respiring in a nitrogen-free medium 
than in a medium containing ammonium-nitrogen. In 
the presence of a higher concentration of phosphate 
(0.05 m), the reverse was true. 

In the presence of 2,4-D, an increased sensitivity of 
cells respiring in both media paralleled an increase in 
the phosphate content of the media, the effect being 
most evident when the phosphate was added simul- 
taneously with the 2,4-D. 

The inhibitory action of the commercial formulation 
of 2,4-D on the respiration of A. vinelandii was found 
to be due to the phenoxyacetate moiety of the mole- 
cule, and not to the inert materials present, nor to the 
triethanolamine portion of the molecule, nor to the 2 
chlorine atoms. 

Differential sensitivity in nitrogen-free and ammo- 
nium-nitrogen media and increased sensitivity in the 
presence of phosphate, however, were exhibited only 
with the chlorinated compounds 2 ,4-D and 2,4,5-T. 
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Mycobacterium tuberculosis has enjoyed the distine- 
tion, among the nonspore bearing organisms, of being 
one of the most resistant to chemical disinfection. 
Quaternary ammonium compounds, widely used as 
effective germicides against gram positive organisms, 
have generally proved to be without effect on the 
tubercle bacillus (Lawrence and Grover, 1951; Smith 
et al., 1950). 

Recently, it has been reported (Frobisher ef al., 
1953) that two quaternary ammonium compounds in 
aqueous solutions were without tuberculocidal effect 
on artificially contaminated clinical thermometers (or 
glass rods). They showed, however, that the same two 
compounds prepared as tinctures were 100 per cent 
successful in inhibiting growth of tubercle bacilli. They 
concluded that the effectiveness of these quaternary 
ammonium compounds against the tubercle bacillus 
may be an apparent rather than real germicidal effect. 
No inactivating agent was used by these investigators 
to eliminate ‘‘carry-over’’ of germicide into the culture 
medium. 

This study was undertaken to determine whether in 
the case of cetylpyridinium chloride (Ceepryn'), the 
effect is germicidal or merely due to carry-over of the 
compound with resultant static effect. 


MATERIALS AND MetTHops 


Two different media were used in this study. Dubos’ 
oleic acid albumin agar (Dubos and Middlebrook, 
1947) was used to culture for the presence of tubercle 
bacilli and a meat infusion broth was used for staphylo- 
cocci and streptococci. One thousand units of freshly 
prepared penicillin solution in 0.1 ml volume was added 
to each slant of Dubos’ medium. Sterile defibrinated 
rabbit blood was added to the beef infusion broth in 
5 per cent concentration. Sterile 0.2 per cent aqueous 
gastric mucin (Wilson’s 1701-W) was used to give a 
viscous medium for suspending the test organisms. This 
material has been used as a substitute for sputum in a 
similar study (Lawrence and Grover, 1951). All germi- 
cide test solutions used contained cetylpyridinium 
chloride (CPC) 1:1000, but in various concentrations 
of ethanol. The percentages of ethanol used were 35, 


1 Ceepryn, registered trademark of The Wm. S. Merrell 
Company, Cincinnati, Ohio. 
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40, and 50, and were prepared with de-ionized wate 
as diluent. The solution used for inactivating CP¢ 
consisted of lecithin,? 0.07 per cent, and Tween 80: 
0.5 per cent in de-ionized water (Quisno ef al., 1946), 
This inactivating solution was sterilized by autoclaving 
at 15 lb for 15 min. 

Because interest centered primarily on duplicating 
previous work (Frobisher ef al., 1953), glass rods wer 
used to simulate clinical thermometers. These rods 
were of Pyrex glass approximately 5 mm in diameter 
and 100 mm in length. These were sterilized and kept 
8 or 16 per cotton-stoppered tube. 

Two types of rack were used to support the rods 
during treatment. One type, constructed of stainless 
steel wire, held 8 rods individually in horizontal posi- 
tion. The size of the racks permitted complete immer- 
sion of the suspended rods in solutions contained in 
flat Pyrex dishes. Each rod was held stationary and 
was not in contact with other rods. The second type 
rack was constructed of Monel metal screen, and con- 
sisted of a basket approximately 40 mm in diameter 
and 65 mm in height. The bottom of the basket con- 
sisted of the screen material, the top being open s0 
that the glass rods could be placed in the basket in a 
vertical position. A wire handle was soldered to the 
side of the basket to permit manipulation. The baskets 
were wrapped in paper and sterilized. These metal 
screen containers were placed in standard wide mouth 
glass jars approximately 50 mm in diameter and 130 
mm in height. No attempt was made to keep the rods 
apart. 

Eight or sixteen glass test rods were treated at a 
time, depending upon the type of rack used. The gen- 
eral procedure followed was the same in either case. 

Sterile mucin (15 ml) was inoculated with 0.25 ml 
of a 7-day-old culture of Mycobacterium tuberculosis 
(H387Rv*) grown in Dubos’ Tween albumin medium, 
0.1 ml of an 18-hr culture of Micrococcus pyogenes vat. 
aureus, and 0.25 ml of an 18-hr culture of Streptococcus 

2 Aleolec BS (Lexinol H) from American Lecithin Co., Inc., 
Woodside, New York. 

5 Sorbitan monooleate from Atlas Powder Company, Wil- 
mington, Delaware. 

4 H-4660. Harshaw Chemical Co. 


® Supplied by William Steenken, Trudeau Laboratories, 
Trudeau, N. Y. 
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pyogenes These were well mixed with the mucin sus- 
pension and the entire amount was then placed in a 
gerile Petri dish. The glass rods were then placed in 
the dish partially covered by the contaminated mucin. 
Approximately half of the length of each rod was con- 
taminated with the organism suspension. Each rod was 
then removed individually and transferred to one of 
the racks. The racks were then placed in a 37 C incu- 
bator to dry for a period of 30 min. After drying, the 
container was removed from the incubator. One con- 
iaminated rod was removed and placed on the surface 
of a Dubos’ medium slant and another was placed in 
a tube of beef infusion broth. These constituted the 
controls and were included in each test series. 

The remainder of the contaminated rods were left in 
the rack which was then placed in a sterile container. 
Test solution (either germicide or water) was gently 
poured into the container until the rods were com- 
pletely submerged and the rods remained in the solu- 
tion for a period of 10 min. At the end of this period, 
the rack was removed and placed in another container 
in which the rods were submerged totally in the inac- 
tivating solution for a period of 2 min. After this, the 
rods were passed rapidly through two sterile water 
rinses. In some cases the rods were not treated with 
inactivating solution but were pecsed through the water 
rinse directly after exposure to the test solution. After 
water rinse, the rack was placed in a sterile container 
and the rods were removed individually for culturing, 
using sterile forceps. Half of the total number of rods 
were cultured for tubercle bacilli and half for cocci. 
Cultures were usually made of each inactivating 
solution and each rinse water after the rods had been 
treated. This was done to determine whether mechani- 
cal washing had influenced the results. Tubes contain- 
ing beef infusion broth for culturing the cocci were ex- 
amined for growth at 24 and 48 hr during incubation. 
Tubes containing Dubos’ medium were examined peri- 
odically and held for a minimum of 6 weeks before 
discarding as negative. 

In some cases where 40 per cent or 50 per cent etha- 
nol containing 1:1000 CPC was used, 5.0 ml of Dubos’ 
liquid Tween 80 albumin medium were added to a 
series of the tubes containing the rods on solid Dubos’ 
medium. This was added to both the positive culture 
control tubes as well as the negative (for tubercle 
bacilli) tubes. These tubes were reincubated for 3 
weeks and read again. In one series (both 40 per cent 
and 50 per cent) where liquid medium had been added 
to each solid slant containing a rod, guinea pigs were 
injected subcutaneously (inguinal region) with 1.0 ml 
of this culture after 3 weeks’ incubation. These guinea 
pigs were negative when previously tested with 1.0 
mg of “Old Tuberculin” to determine the existence of 
any prior tuberculosis infection. The guinea pigs were 
kept under observation for a period of 3 months after 
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TABLE 1. Results of treatment of contaminated glass rods with 
cetylpyridinium chloride 1:1000 in aqueous solution and in 
various strengths of alcohol 











Per No te Inactivator Used 
Etha- | No i) ee | Pr 
No. * lear 
eu uber | cent | tve)no. | Pet ent 
tested peneitine tested | P 
| | 
0 | Acid fast rods — | — | 25/30] 83 
35 | Acid fast rods 1/3 | 33 | 3/3 | 100 
Cocei 0/2 | 0 | 0/8 | 0 
40 | Acid fast rods 0/22 0 | 4/21! 19 
Cocei 0/22| 0 | 0/31} 0 
50 | Acid fast rods 0/36; 0 | 0/40; 0 
Cocci 3/50 | 6 | 0/32 | 0 
Effect of ethanol without | — | — | — — 
cetylpyridinium chlo- | 
ride | 
50 | Acid fast rods 7/30 | 23 | — — 





inoculation. At the end of this 3-month period, the 
animals were sacrificed and autopsied to determine 
the presence or absence of infection. 


RESULTS 


The results of the zn vitro tests, shown in table 1, 
indicate that tubercle bacilli do not grow after being 
exposed for 10 min to cetylpyridinium chloride in a 
concentration of 1:1000 in 50 per cent ethanol. These 
results also point to true bactericidal activity rather 
than stasis, since no growth occurred when an inacti- 
vating solution was employed. The three tubes which 
were positive for cocci in the 50 per cent ethanol series, 
as shown in the last line of the table, probably repre- 
sent contamination rather than lack of killing by the 
tincture. No M. tuberculosis growth occurred in the 
tubes of the same series of tests under identical con- 
ditions. 

Two guinea pigs, injected with washings from each 
of two positive culture control tubes (1/7. tuberculosis), 
showed gross signs of tuberculosis infection at autopsy. 
Ten guinea pigs, injected with washings from negative 
cultures of the 40 per cent ethanol-treated rods (those 
treated with inactivator), were all negative when ex- 
amined grossly at autopsy. Ten additional guinea pigs 
injected with washings from 50 per cent ethanol-treated 
rod cultures were also negative on gross examination at 
autopsy. 


SUMMARY 


Cetylpyridinium chloride (Ceepryn) 1:1000 in 50 
per cent ethanol has been shown to be an effective 
germicidal agent for the sterilization of glass rods arti- 
ficially contaminated with a virulent human strain of 
Mycobacterium tuberculosis. Use of a neutralizing agent 
did not reverse the germicidal activity. 
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Yor several years the applications of thermal pre- 
cipitation have been investigated at the Georgia Insti- 
tute of Technology (Kethley ef al., 1952; Gordon, 
1953, 1954; and Gordon and Orr, 1954). Some of the 
recent investigations have been concerned with thermal 
precipitation as a means for the collection of viable 
air-borne microorganisms. Information on this work 
is being presented because the method, which might 
seem unlikely since heat is required, actually gave sat- 
isfactory results. The technic evolved, the tests made, 
and the results obtained are included. 


MATERIALS AND MetTHODS 


One type of thermal precipitator was used through- 
out the study, a model of the device described by 
Kethley ef al. (1952) which is now manufactured and 
distributed by the Roy A. Martin Co., Atlanta, Georgia, 
under the trade-mark name Thermopositor. In this 
precipitator the air to be sampled enters at the center 
of a heated surface and flows radially outward between 
the heated surface and a cooled surface separated only 
0.015 in. Any particle matter suspended in the air 
passing into the thermal field is forced onto the cooled 
surface or onto such substrate as may cover the cooled 
surface. Figure 1 shows the device with the collecting 
chamber open so that the heated and cooled surfaces 
may be seen. 

In this study, the thermal precipitator was operated 
at a sampling rate of 0.3 L per min with the heated 
surface at 125 C and the cooled surface at the tap water 
temperature, approx 25 C. Sampling times varied be- 

1 The work reported herein was conducted at the Georgia 
Institute of Technology, State Engineering Experiment 
Station, through the sponsorship of the Chemical Corps, Camp 
Detrick, Frederick, Md. Reproduction of this article in whole 
or in part is permitted for any purpose of the United States 
Government. 


2 Present address, E. 1. DuPont de Nemours and Co. (Inc.), 
Wilmington, Delaware. 


AND KORDECKI (vou. 4 

Quisno, R., Grppy, I. W., anp Forer, M. J. 1946 A hey. 
tralizing medium for evaluating the germicidal potency of 
the quaternary ammonium salts. Am. J. Pharm., 118, 
320-323. 

Saitu, C. R., NisutHara, H., GoLpen, F., Hoyt, A., Hus, 0, 
AND Kuortzet, M. C. 1950 The bactericidal effect of 
surface active agents on tubercle bacilli. Public Healt} 
Rep., 65, 1588-1600. 


tween 15 sec and 5 min. Ordinary filter paper (What- 
man No. 1, for example) saturated with a nutrient 
solution was found to be quite satisfactory as the sub- 
strate onto which the microorganisms were collected, 
As standard practice, each filter paper was first dipped 
into a solution containing 1.15 per cent nutrient agar 
(Difco) and 0.8 per cent brain-heart infusion (Difco), 
The paper was stored in a covered dish until used or 
transferred directly (after excess liquid had dripped off) 
with sterilized tweezers to the cooled plate of the pre- 
cipitator. When the paper was located, the heated plate 
of the precipitator was put into place, and sampling 
was begun. 

After the desired volume of air was sampled, the 
filter paper with its deposit of microorganisms was 
placed, with the deposit up, on a regular nutrient-agar 
surface in a Petri dish. The dish was finally inverted and 
the deposited microorganisms incubated at 37 C. Figure 
2 shows filter papers after deposits of Serratia marces- 
cens and Bacillus subtilis had been incubated for 17 hr 
and then dried. The clear space around the edge is in- 
dicative that all microorganisms in the air sampled 
have been collected. The incoming air, it will be re- 
membered, enters at the center of the collecting surface 
and flows outward in all directions. If the heat intensity 
and the flow rate are properly adjusted, suspended 
matter is deposited before the edge of the collecting 
surface is attained. 

Washed and dried cells of S. marcescens, strain 8 UK 
(Chemical Corps), and B. subtilis spores (Chemical 
Corps) were suspended in distilled, de-ionized water 
and were put separately into the air of a test chamber 
using a DeVilbiss No. 40 atomizer arranged to operate 
continuously at 10 psig air pressure. The resulting 
aerosol was stirred slowly. The humidity in the chamber 
was regulated by passing all or part of the inlet air 
through freeze-out traps if lowered humidities were 
desired or over heated water containers if higher humid- 
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A mm. thermal precipitator, a liquid midget impinger and a 
eney of liquid critical-orifice impinger. The various samples 
n., 118, were collected as nearly simultaneously as possible. 
The midget impinger employed was designed for dust 
es 0, collection. It had a 0.1-em orifice and was operated at a 
ect of : es phe : : 
Head prescribed rate of 2.8 L per min in this study. Samples 
were collected in 1 to 5 min in 10 ml of 0.3 per cent beef 
broth. This liquid was then diluted, portions of it were 
TABLE 1. Concentration of viable air-borne cells as determined 
from thermal precipitator and impinger samples 
‘ naira era ice ss al : 
s Viable Cells Collected By 
Relative | eg le A ee : — 
Humidity Thermal Midget Critical-orifice 
precipitation impinger impinger 
Serratia marcescens 
% ‘cells/L cels/L cells/L 
3 53 27 75 
5 123 1 lt 
What. 7 55 36 a 
. 8 333 161 as 
itrient Fic. 1. Thermal precipitator 12 750 607 fc 
e sub- 13 243 268 411 
ected, 15 267 143 a 
lipped 21 4,880 3,210 _ 
L agar 22 1,150 714 
° 99 pI 29) a 
ifco), 22 1,290 1,320 : 
ed 22 130 52 150 
mye 22 2,790 1,650 we 
‘d off) 23 21 26 19 
€ pre- 26 2,980 2,140 o 
plate 28 1,973 1,560 1,740 
: 33 3,393 1,910 
ipling , , 
ping 35 700 54 we 
37 52 29 69 
1, the 38 142 36 89 
5 was 38 1,270 3,560 — 
agar 39 | 6,300 3,270 7,030 
dand 40 7 170 7 710 — 
oy 49 770 714 o- 
— 56 4,670 1,940 4,940 
arces- 67 6,900 8,760 — 
17 hr 78 753 660 
is in- 79 1,300 1,770 - 
Qc 7 . aa 
npled 99 13,000 | 18,000 | 
ve Te Bacillus subtilis 
irface . eo 
nsity 25 17,800 14,700 
anded 27 11,200 7,850 
ting 45 1,130 — 1,180 
e 45 5,000 i 4,300 
a 47 18,900 53,300 
8 UK 48 4,190 3,740 
mical Fic. 2. Typical filter paper deposits of microorganisms after 19 18,300 16,200 
water culturing. Above: Serratia marcescens; below: Bacillus subtilis. 50 25,300 - 14,600 
mber 60 369 258 411 
aoe fe ae 65 1,750 2,690 2,480 
erate ities were desired. The temperature in the chamber was 78 38.900 143,000 
ilting likewise regulated by heating or cooling as required. 78 33,600 11,200 
mber The humidity of the-airin the chamber was indicated 79 13,500 17,900 
t alr by 0 lithium chloride call. Aion - h other tests * Dry bulb temperatures ranged between 18.33 and 41.67 C 
were reported by Orr and Kordecki (1955), the aerosols, (65 and 107 F). 
imid- as set up in the test chamber, were sampled with the + No tests. 
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plated in triplicate using 2.3 per cent nutrient agar, and 
the plates were incubated. A few drops of mineral oil 
were added to the beef broth to prevent excessive 
bubbling. 

The critical-orifice impinger operating at its critical 
velocity had a flow rate of 1.07 L per min. As with the 
midget impinger, 0.3 per cent beef broth was used, 
samples were plated in triplicate, and mineral oil was 
added to prevent excessive bubbling. Sampling times 
varied from 1 to 10 min. 

The colonies on each plate were counted and the 
data were converted to a common basis, the concentra- 
tion of viable cells in the initial aerosol. 


RESULTS 

A comparison of sampling results for various humidi- 
ties and aerosol concentrations is presented in table 1. 
Of the 29 tests in which the thermal precipitator can 
be compared with the midget impinger, the precipitator 
results indicated a greater aerosol concentration in 20 
tests. If one omits the test in which the thermal pre- 
cipitator gave many times the concentration indicated 
by the midget impinger, the ratio between the aerosol 
concentration from thermal precipitator data and 
midget impinger data indicates a median value of 1.39. 
On the same basis, the average value of the ratio is 
1.86. The thermal precipitator seems to have provided 
more complete sampling than the midget impinger. 

The 24 tests comparing the thermal precipitator with 
the critical-orifice impinger resulted in 12 tests in which 
the thermal precipitator indicated the greater aerosol 
concentration and 12 tests in which the critical-orifice 
impinger indicated the greater concentration. Again 
neglecting the test in which the thermal precipitation 
result was excessive, the median value of the ratio be- 
tween thermal precipitation and the critical-orifice 
impinger results was 0.967; the average value was 1.09. 
The thermal precipitator, when operated properly, is 
claimed 100 per cent efficient for particle matter re- 
solvable by the electron microscope. Other investiga- 
tions (Silverman, 1954) indicate the critical-orifice 
impinger to be essentially 100 per cent efficient. The 
present work certainly indicates them to be comparable. 

Other tests of the efficiency of thermal precipitation 
for collecting viable microorganisms were made. When 
the rate of aerosol generation, the viable content of the 
cell suspensions, the expected die-away rate, and losses 
due to aggregation and collection on walls and so forth 
were taken into account, complete viable cell collection 
was indicated. The second of two precipitators operated 
in series collected no microorganisms, showing again 
complete collection in one precipitator. 

Certain advantages were found in thermal precipita- 
tion. Using the technic outlined, sampling is rapid, 
simple and direct. The resulting colonies are on the 
surface and not embedded in the substrate. The sub- 
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strate may be handled easily and dried for storage jf 
desired. Direct thermal precipitation eliminates the di- 
lution of the collected sample which is necessary with 
impinger technics. For relatively low cell concentra. 
tions this can be quite advantageous. By the same 
token, when the cell concentration is high, direct 
thermal precipitation can result in too many cells for 
satisfactory culturing and counting. This effect prob- 
ably accounts for some of the low values obtained by 
thermal precipitation at high aerosol concentrations, 
One difficulty was noted. When the sampling period 
exceeds about 5 min and the sampled air is relatively 
dry, a drying of the filter paper substrate occurs, begin- 
ning at the center, the air inlet point, and gradually 
spreading outward. With microorganisms such as S, 
marcescens the dried spot is usually devoid of colonies, 
As is sometimes done with filters to maintain high 
humidities when microorganisms are collected from the 
air, the inlet air might be humidified and this difficulty 
overcome. This possibility was not tried; the results 
given in table 1 are all for sampling periods of 5-min 
duration or less. 
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SUMMARY 

Thermal precipitation using a newly developed in- 
strument is compared with liquid impingement technics 
for the collection of viable, air-borne microorganisms. 
The technic is described, and results for a variety of 
humidity conditions using prepared acrosols of Serratia 
marcescens and Bacillus subtilis are given. It is con- 
cluded that thermal precipitation provides a valuable 
new collection method. 
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Quaternary ammonium compounds, effective as sani- 
tiling agents for food plant equipment under certain 
conditions, are not well suited as sanitizers for water of 
high mineral content. Mueller and Seeley (1951) have 
demonstrated under controlled conditions that various 
metallic cations can decrease the germicidal action of a 
quaternary in solution. Knowledge of how such inter- 
ference takes place could aid in overcoming this limita- 
tion. It might also permit the use of metallic cations as 
inhibitors in germicidal tests that require complete 
inactivation of the germicide after a given time. 

The purpose of this study was to find an explanation 
for the interference of metallic cations with the germi- 
cidal properties of quaternary ammonium compounds. 
The hypothesis that the metallic cation could inactivate 
the quaternary by association to form some type of 
chemical complex was investigated in preliminary ex- 
periments. Results obtained indicated that such a chem- 
ical complex was not formed. This result was expected 
in the light of the molecular structure of the quaternary. 

An explanation of the interference of metallic cations 
with quaternaries could be that metallic cations are 
attracted more readily than quaternaries to the elec- 
tronegative surfaces of bacteria. These metallic cations, 
smaller and more mobile than quaternaries, should be 
preferentially adsorbed at the bacterial surface. Their 
presence would decrease the over-all electronegativity 
of the surface, thus lessening the electrostatic attraction 
between quaternary and surface. 

The technic of microelectrophoresis was used to ex- 
plore this possibility. Electrophoresis is the directed 
movement of a particle under an applied potential. 
The velocity of movement, under controlled external] 
conditions, is directly proportional to the electrical 
charge on the particle. Thus, measuring electrophoretic 
mobilities of bacteria when external conditions, such as 
the suspending medium, are varied would indicate the 
effect of these conditions on the surface charge of the 
bacteria. A series of experiments was drawn up to ob- 
serve the electrophoretic mobility of bacteria in the 


1 This article is based upon a Ph.D. dissertation presented to 
the Graduate School by D. L. Meggison, Jr., September, 1952. 
Contribution No. 1008 from the Massachusetts Agricultural 
Experiment Station. 

2 Present Address: General Foods Corporation, Hoboken, 
New Jersey. 


presence of certain metallic cations and a quaternary 
ammonium compound. 


METHODS AND MATERIALS 


Quaternary and salts used. The quaternary used in 
this study was an alkyldimethylbenzyl ammonium 
chloride (Onyx BTC). The salt solutions selected for the 
study were the chlorides of potassium, calcium, alumi- 
num and thorium. Any one of these salts will decrease 
the germicidal action of the quaternary (Mueller and 
Seeley, 1951). All chemicals used were of reagent grade. 

Preparation of bacteria for electrophoresis. The strain 
of Escherichia coli used in these experiments was ob- 
tained from the Department of Bacteriology and 
Public Health at the University of Massachusetts. Its 
phenol coefficient was equal to that of U. S. Public 
Health Service Strain No. 198. 

For the electrophoresis measurements, bacteria were 
streaked on tryptone glucose extract agar slants and 
incubated at 37.5 C for 24 hr. They were then washed 
from the slants with a few ml of the salt solution to be 
used as suspending medium during electrophoresis. The 
first washing was centrifuged for 15 min at 3500 rpm 
in a type SB International Centrifuge. The supernatant 
was discarded, and the washing and centrifuging re- 
peated twice more with fresh salt solution. Electro- 
phoretic mobilities of the bacteria were measured within 
1 to 3 hr after the slants were removed from the incu- 
bator. 

Microelectrophoresis. Bacterial mobilities were meas- 
ured in an Abramson horizontal microelectrophoresis 
cell (Abramson, 1929). The depth of the observation 
chamber of this apparatus was 0.386 mm. The cell was 
mounted on the stage of a binocular microscope (44X 
objective, 12X eyepiece) equipped with an ocular mi- 
crometer and a calibrated fine adjustment. 

Cell symmetry was determined by measuring the 
velocities of bacteria at several depths in the cell, then 
plotting average velocity at each depth versus that 
depth expressed as percentage of cell depth. The result- 
ing curve was a parabola that passed through the origin, 
indicating that the electrophoresis cell was symmetrical 
and suitable for use. 

3 Manufactured by Onyx Oil and Chemical Co., Jersey City, 
New Jersey. 








120 D. L. MEGGISON, JR. AND W. 8. MUELLER 


Except when determining cell symmetry, the micro- 
scope was always focused on the stationary layer at 21 
per cent of the cell depth. At this depth, endosmotic 
effects of the cell walls are at a minimum, and observed 
particle velocities are the true velocities of the particles. 

Three Radio 45-volt ‘‘B” batteries in series supplied 
the current for the electrophoresis cell. The current was 
regulated by a 10,000-ohm variable resistance. A double- 

pole, double-throw switch was placed in the circuit to 
reverse the current. 

The electrophoretic mobility of the particle in a 
micro cell is equal to the velocity of the particle divided 
by the field strength of the cell: 

Electrophoretic mobility = di ~ 
; X  (volts/em) 


The field strength is calculated as follows: 


Field strength (XY) = in = volts/em 
q 


where J = current through the cell (amps) 

R = specific resistance of the suspension (ohm- 
em) 
cross-sectional area of the observation 
chamber (sq cm) 


EXPERIMENTAL RESULTS 

Standardization of bacteria. Before evaluating the 
effect of any system on bacterial mobilities, the suita- 
bility of the bacteria for the electrophoresis work must 
be established. Two requirements must be fulfilled: The 
bacterial population must have unimodality and a low 
coefficient of variation with regard to electrophoretic 
mobilities (Moyer, 1936). 

The electrophoresis cell was filled with a suspension 
of £. coli in M/50 phosphate buffer (pH 7.2). Current 
through the cell was 16 wa. The velocities of 100 bac- 
teria were measured as follows: Each organism was 
timed as it passed between two points in the calibrated 
microscopic field. The organism’s direction of travel was 
then reversed by reversing the current, and the organ- 


TABLE 1. Distribution of electrophoretic mobilities in a strain 
of Escherichia coli 
Velocity of 100 Bacteria* 

Per cent bacteria 


Mobility: avg of 10 measurements 


p/sec/volt/cm 


4 18-20 
15 20-22 
28 22-24 
30 24-26 
10 26-28 
10 28-30 

3 30-32 


* Suspending medium M/50 phosphate buffer at pH 7.2 in 
an electrophoresis cell. Current through the cell, 16 wa. 
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TaBLe 2. Effect of pH on the electrophoretic mobility of 
Escherichia coli 


HCI Solution 


Mobility Average Deviation 


pH 


pu/sec/volt/cm 
2.0 +0.08* +0.01 
3.0 —0.14 +0 .02 
4.0 —0.75 +0.08 
5.0 —1.70 +0.19 
6.0 —1.74 +0.19 
7.0 —2.11 +0.23 


* — Indicates migration of bacteria toward anode (that is, 
negative charge on the particles); + indicates migration 
toward cathode (that is, positive charge on the particles), 


TaBLE 3. Effect of quaternary ammonium compound on the 
electrophoretic mobilities of Escherichia coli in various 
salt solutions 

| 


Mobility (u/sec/volt/em)* | Mobil. 


soluti H = 
Solution p Ri 5 1g | Chang 
0 ppm Ps pd Pine’ Due to 
QAC tion QAC tion | QAC} 
0.02 mM KCl 7.2 |—1.69'+0.19 —0.36)+0.04 +1.33 
0.007 Mm CaCl. 6.8 |—0.40 40.04 —0.23' 40.03 +0.17 


0.003 mM AICI;.........) 4.2 |+0.65 +0.07 +0.73 +0.08' +0.09 
0.002 m ThCl, 3.5 (+0.95 40.10 +1.11,+0.12 +0.16 


* — Indicates migration of bacteria toward the anode 


(that is, negative charge on the particles); + indicates migra- 
tion toward the cathode (that is, positive charge on the par- 
ticles). 


+ QAC = quaternary ammonium compound. 


ism’s return trip was timed. Repeating this procedure 
5 times gave a total of 10 measurements from which an 
average velocity for each organism was calculated. 

The data (table 1) if plotted as average velocities 
versus per cent of organisms examined, would give a 
unimodal, bell-shaped curve. The coefficient of varia- 
tion of the average velocities was 11 per cent. Because 
the bacteria satisfied the necessary conditions for elec- 
trophoresis, the strain was used in ail the experiments 
reported here. ; 

Effect of pH. The electrophoretic mobility of a par- 
ticle is influenced by the ionic strength and the pH of 
the suspending medium. Obviously, the pH of a solution 
cannot be adjusted without altering its ionic strength. 
Ionic strength is generally considered to be the more 
important factor for electrophoresis studies, and pH is 
left uncontrolled. This practice was followed when in- 
vestigating the effects of various metallic cations on 
electrophoretic mobilities of /. colt. 

Some work was done on the effect of pH in the present 
investigation. Mobilities were recorded for EZ. coli in 
HCl solutions ranging from pH 2 to 7. The mobilities 
were less (that is, the surface charge was more electro- 
positive) in the more acid solutions (table 2). Although 
the pH effect was recognized, it was not included in 
evaluating the effect of metallic cations on mobilities, 
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pecause effects of hydrogen ions and metallic cations 
are not necessarily additive. 

Effect of metallic cations and a quaternary ammonium 
wmpound. Mobilities of 2. coli were measured in 0.02 
y KCI, 0.007 m CaCl, 0.003 m AICl;, and 0.002 m 
ThCl; solutions. The ionic strength of these solutions 
yas 0.02, and results are listed in table 3. The higher 
the valence of the metallic cation, the less negative was 
the electrical charge on the bacteria. In the presence of 
aluminum and thorium, the bacteria acquired an elec- 
(ropositive charge, as evidenced by a reversal of their 
direction of flow. 

Enough quaternary was added to each solution to 
give a final level of 500 ppm quaternary ammonium 
compound (QAC). The addition of the quaternary did 
not appreciably alter either ionic strength or pH. The 
quaternary made the bacteria more electropositive in 
all4 solutions. Effect of quaternary was greatest in KCl, 
least in AICls, and intermediate in CaCl. and ThCl,. 

No mobilities were measured in solutions of quater- 
nary alone, because in order to have the minimum ionic 
strength (0.02) necessary for electrophoresis, the level 
of quaternary would be so high that it would have no 
practical significance as a germicide. 


DISCUSSION 


Escherichia coli organisms suspended in 4 salt solu- 
tions became more electropositive when a quaternary 
ammonium compound was added to the solutions. The 
quaternary had its greatest effect on electrophoretic 
mobility of 2. coli in KCI and its least effect in AICl;. 
The effect in CaCl, and in ThCl, was intermediate 
between AIC]; and KCl. 

Mueller and Seeley (1951) concluded that valence 
was an important factor determining the amount of 
interference by the cation on the germicidal property of 
the quaternary. The interfering power of the cation in- 
creased as the valence increased up to 3. In the present 


study it appears that valence is also an important 
factor, determining the degree to which a quaternary 
affects the electrophoretic mobility of E. coli, An in- 
crease in the valence decreased the effect of the quater- 
nary on the electrophoretic mobility of E. coli. Though 
the valence of thorium is 4, it doubtless does not exist 


in solution as a +4 ion, due to the formation of com- 
plexes with Cl- and other ions which might be present. 
Under such conditions, it is quite possible that thorium 
complexes of either +2 or +3 charge or both are 
present. 

Results from this study support the theory that 
metallic cations will interfere with the quaternary am- 
monium germicide by competing for the negative sites 
on the bacteria cell surfaces. In a mixture of quaternary 
ions and metallic cations, probably the metallic cations 
are preferentially adsorbed at the surface of bacteria 
because of the small size of the metallic cations relative 
to the quaternary ions. When the metallic cations are 
polyvalent, their charge as well as their size promotes 
their preferential adsorption. The presence of the 
metallic cations at the surfaces of bacteria lowers the 
electronegativity of the surfaces, thus lessening elec- 
trostatic attraction between bacteria and quaternary. 


SUMMARY 


The electrophoretic mobility of Escherichia coli sus- 
pended in salts of various metallic cations was used as 
a measure of the electrical conditions at the surfaces of 
the bacteria. The higher the valence of the metallic 
cation, the lower was the electronegativity of the sus- 
pended bacterial particles. Adding quaternary ammo- 
nium compound to these suspensions lowered the 
electronegativity of the bacteria still further. The 
higher the valence of the metallic cation, the less was 
the effect of the quaternary on the bacteria. 

There appears to be some correlation between the 
degree to which a metallic cation interferes with the 
germicidal action of a quaternary and the cation’s 
power to prevent the quaternary from altering the 
electrical charge at the surfaces of bacteria. 
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The development of high-speed metal cutting has 
resulted in the use of emulsion-type cutting oils which 
incorporate the cooling properties of water with the 
lubricating and anticorrosive qualities of fatty oils. 

Emulsion-type cutting oils are subject, however, to 
bacterial degradation and usually contain considerable 
numbers of bacteria. Lee and Chandler (1941) found 
the bacterial content of cutting oils to be usually about 
25 million organisms per ml, seldom lower than 15 
million, and sometimes higher than 50 million organisms 
per ml. Weirich (1943) reported that he had examined 
emulsions with bacterial counts as high as 300 million 
organisms per ml. Duffett ef al. (1943) found that the 
majority of samples studied by them contained more 
than 1 million organisms per ml. Fabian and Pivnick 
(1953) reported bacterial counts ranging from 1 to 100 
million organisms per ml. Bennett ef al. (unpublished 
data, 1955) obtained bacterial counts ranging from 16.5 
million to 710 million organisms per ml. 

Numerous attempts to control bacterial degradation 
of cutting emulsions have been made. There are two 
reasons for interest in the problem: cutting emulsions 
may create industrial health problems by providing a 
vehicle for the dissemination of pathogenic micro- 
organisms, and manufacturers of emulsion oils gain 
considerable advantage in sales if their products are not 
readily oxidized by bacteria. 

Pasteurization of the emulsion has been recommended 
as a means of controlling bacteria in cutting oils. In- 
stallation of such equipment is expensive and, unless all 
contaminating material is removed, the indigenous 
bacterial flora will grow to a maximum population in a 
short time (Weirich, 1943). 

Bacterial inhibitors are often incorporated into 
cutting emulsions to reduce or eliminate the microbial 
population. Lee and Chandler (1941) reported the first 
study on inhibitors for controlling bacterial growth in 
emulsion oils. Later, Westveer (1951) and Pivnick and 
Fabian (1953) reported the results of their work on the 
control of bacteria in cutting emulsions. 

For several reasons the procedures used by these 
workers for testing inhibitors in cutting oils were in- 
sufficient. Industrial conditions in some cases were not 
simulated. Studies were not carried out long enough to 
determine the effective life of the inhibitor. The testing 
procedures were too complex for studying large num- 
bers of inhibitors. Pivnick and Fabian (1953), using the 
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methylene blue screening test, did not take into con- 
sideration the fact that organisms that utilize hydro. 
carbons may not necessarily reduce methylene blue 
(ZoBeli, 1946). 

This study had two objectives: (1) the evaluation of 
different compounds as possible bacterial inhibitors for 
oil emulsions, and (2) the development of a proposed 
procedure for testing inhibitors in oil emulsions. 


MATERIALS AND METHODS 

The testing units consisted of wide-mouth, 1-gal jars, 
containing 3000 ml of commercial cutting oil in a 1:40 
dilution and a specific inhibitor in a concentration of 
1000 ppm. Aeration and continuous mixing were ac- 
complished by bubbling compressed air into the lower 
level of the oil. At the beginning of the experiment, 
each unit was inoculated with 5 ml of a freshly collected 
used oil sample. Duplicate standard plate counts were 
made twice each week using sterile distilled water for 
dilutions and Difco Plate Count Agar (tryptone-glucose- 
yeast agar) for cultivation of all bacteria. The plates 
were incubated at 37 C for 48 hr before counting. All 
values given in the tables are average bacterial counts 
of the duplicate plates. Control units containing no in- 
hibitor, but the same concentration of cutting oil and 
the same inoculum, were studied simultaneously with 
the units containing inhibitors. Because an open system 
was used, water was added to each unit at periodic in- 
tervals to prevent concentration of the inhibitors by 
evaporation. 

In order to compare open and closed testing systems 
the following apparatus was used: Compressed air was 
passed through 3 sterile glass wool filters to remove 
bacteria that might be present. The sterile compressed 
air was then directed into a manifold with 6 outlets. 
From each manifold outlet the air passed through a 
glass T into sterile cotton filters. From one of these 
filters the air was directed into an open 500-ml beaker. 
From the other filter the air was passed into a closed 
500-ml flask with a water trap at the exhaust end. 
Each inhibitor could be checked simultaneously under 
the same conditions in an open and a closed system. 
The units were autoclaved intact and the flask and 
beaker of each unit was filled with 400 ml of sterile 
emulsion containing 1000 ppm of an inhibitor to be 
studied. Each flask or beaker was inoculated with a 1-m! 
sample of used cutting oil obtained from a local indus- 
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BACTERIAL INHIBITORS FOR CUTTING OIL 


trv. Six open and closed sets were studied simul- 


taneously. 
inhibitors, 


The experiment included the study of 8 
an inoculated uninhibited control and an 


uninoculated uninhibited control. Bacterial content 


TaBLE 1. Comparison of three commercial cutting oil inhibitors 


Days 
Control 
1 0.02 
3 2.40 
6 0.58 
9 0.83 
12 1.90 
15 3.10 
18 1.80 
21 1.60 
24 2.20 
31 2.10 
38 2.70 
45 0.72 
50 0.14 
56 0.20 
60 0.31 


in the open system 


Number Cells X 106 
Commercial cutting oil inhibitor, 1000 ppm 


Cc 


At | Bt 

0.01 0.00 | 0.00 
2.50 0.94 | 0.00 
1.40 3.50 | 2.10 
0.77 23.40 | 1.90 
0.78 | 25.10 | 2.40 
3.40 | 19.60 | 3.90 
1.20 | TNC | 0.52 
0.14 | 33.60 | 1.20 
1.10 | 9.20 2.70 
1.40 | 4.60 | 3.40 
2.10 | 11.20 2.10 
1.20 7.40 0.98 
1.10 3.20 | 1.40 
0.41 1.40 | 0.72 
0.11 0.42 


0.98 | 


* Coded—commercial cutting oil inhibitors. 


Aro-Brom G. S. 


Arquad 2C 


Arquad S 
Arquad S2C 


Bimol A 


C.R.I. 
Dixi-pino-pine 
disinfectant 
Dowicide A 
Dowicide B 
Dowicide F 
Dowicide G 
Dowicide 1 
Dowicide 4 
Dowicide 6 
Hykotar 
Igepal CA-630 
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was determined by plate counts, using the same technic 
as previously described. Evaporation was compensated 
for at periodic intervals and all experiments were 
carried out for 60 days. 


RESULTS AND DISCUSSION 


The first compounds studied were products marketed 
as commercial cutting emulsion inhibitors. Table 1 
gives representative results obtained when using these 
products. None of the commercial cutting oil inhibitors 
tested was able to inhibit all bacteria for a significant 
period of time. In several instances the emulsion oil 
treated with commercial cutting emulsion inhibitors 
contained more viable bacteria than the uninhibited 
controls, indicating that some commercial cutting oil 
inhibitors may actually contain substances which favor 
bacterial growth. 

It became apparent that other bacterial inhibitors 
should be studied in an attempt to find effective emul- 
sion oil inhibitors. Table 2 lists those compounds which 
were found to be ineffective when tested in the open 
system for 60 days. Forty-five of the 51 compounds 
studied were found to be unsatisfactory. A few of the 
compounds listed were effective for several days but not 
long enough to be practical in emulsion oils. Resorcinol 


TABLE 2. Compounds which were ineffective emulsion oil inhibitors 


Concentration of 1000 ppm 


Potassium 2-chloro phenyl phenate, 


sodium salt sulfonated glyceryl tri- 
ricinoleate 

Di-fatty alkyl quaternary ammonium 
chloride 


Alkyl trimethyl ammonium chloride 
trimethyl and Dicoco dimethyl 
ammonium chloride 


Soya 


Benzyl phenyl dimethyl ammonium 
chloride 


Alkyl (CsHiy; C,5H37) 


ammonium chloride 


dimethyl benzyl 

Cetyl dimethyl benzyl ammonium chlo- 
ride 

Cetyl methylpiperidinium bromide 

Cetyl trimethyl ammonium bromide 

Benzalkonium chloride 

Pine oil, and potassium chlor phenyl 
phenate 

Sodium o-phenylphenate 

Sodium 2,4,5-trichlorophenate 

Sodium 2,3,4,6-tetrachlorophenate 

Sodium pentachlorophenate 

o-Phenylphenol ; 

2-Chloro-4-phenylphenol 

2,3,4,6-Tetrachlorophenol 

Coal. tar oils, soap cresylic acids 

Alkyl phenoxy polyoxyethylene ethanol 

Myristyl pyridinium chloride 

Oleyl sapamine base 


Potassium ricinoleate, orthohydroxy- 
diphenyl and alcohol 

Isopropyl! alcohol, steam-distilled pine 
oil, and orthobenzyl-parachloro-phenol 


O-syl 


Pynate 


Roceal Alkyl-dimethyl benzyl ammonium chlo- 
rides 
Sapamine 


Shell P-162 
Sindar 4 

Sindar G-5 
Sindar G-11 


Hexachlorocyclopentadiene 
2,2’-Methylenebis (4-chlorophenol) 
2,2’-Methylenebis (4,6-dichlorophenol) 
2,2’-Methylenebis  (3,4,6-trichlorophe- 
nol) 
2,2’-Methylenebis 
phenol) 
2,2’-Methylenebis 
2,2'-Methylenebis 
phenol) 
2,2’-Thiobis (4-chlorophenol) 
2,2’-Thiobis (4,6-dichlorophenol) 
2,2’-Thiobis (4-bromophenol) 
2,2’-Ethylidenebis (4,6-dichlorophenol) 
2,2’-Benzylidenbis (6-bromo-4-chloro- 
phenol) 
Hexyl] resorcinol 
Tris (hydroxymethyl) aminomethane 
Pine oil disinfectant 


Sindar G-12 (6-bromo-4-chloro- 


Sindar 14 
Sindar 22 


(4,6-dibromophenol) 
(6-bromo-4-methyl 


Sindar 30 
Sindar 60 
Sindar 62 
Sindar 82 
Sindar 84 


Solupyn 


Thoral Lauryl dimethyl benzyl ammonium 
chloride 

Tru-pyn Pine oil disinfectant 

Vanicide Sodium salts of dimethyl dithiocarbamic 


acid and 2-mercaptobenzothiazole 





‘ 
' 
. 
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TABLE 3. Compounds which were effective emulsion oil inhibitors 


Days of 
Inhibitor 1000 ppm Concentration Complete 
Inhibition 
Dowicide 2 2,4,5-Trichlorophenol 60 
Dowicide 28 2,4,6-Trichlorophenol 60 
Sindar 61 2,2’-Thiobis (3,4,6-trichlo- 60 
rophenol) 
Glyoxal 30% Dialdehyde 16 
Halane 1,3-Dichloro-5,5-dimethyl 60 
hydantoin 
Tris(hydroxymethyl) | Tris(hydroxymethy])nitro- 60 


nitromethane methane 


TaBLE 4. Comparison of the open and closed systems for testing cutting oil inhibitors 


Concentration of all inhibitors 1000 ppm 


Number Cells X 106 


Inoculated Uninoculated Commercial Commercial 


H. O. WHEELER AND E. 0. BENNETT 


Days uninhibited uninhibited cutting oil cutting oil 
control control inhibitor A inhibitor B 
Open Closed Open = Closed Open Closed Open Closed 
0 0.76 0.07 0.07 Neg 0.05 0.08 0.04 0.05 
] TNC 18.0 — - 0.93 0.74 TNC 5.1 
2 3.5 Neg 
4| TNC | 18.6 $1.1 14.6 14.5 9.9 
6 : Li:2 Neg 
8 | TNC 13.5 = - 43.6 12.8 11.1 16.7 
9 - 24.5 Neg 
13 22.0 Neg 
16 95.0 5.5 9.2 Neg By 12.7 9.5 Zz. 
20 | 29.7 9.9 19.8 Neg 11.0 1.8 4.1 2.8 
24 | 13.3 4.1 14.4 3.6 4.2 3.0 
28 | 17.5 v ef 7.4 2.8 16.5 | 
3) | 17.2 2.4 L.2 2.0 2.9 0.67 
31 19.3 Neg 
produced disco‘oretion of the cutting emulsion similat 


to thet reported by Tee and Chandler (1941). 

Table 3 lists those compounds which were effective 
bacterial inhibitors in the open system. Vive of the 6 
compounds tested were completely inhibitory for the 
entire test period of GO Cceys. Three of the effective 
inhibitors ere trichlorophenol compounds. The com- 
pound 2,2’-thiokis ‘3,4,€-trichlorophenol) was  effec- 
tive for the entire period but related compounds 
proved to be ineffective, with the exception of 2,2’- 
methylenebis (5 ,4,6-trichlorophenol) which was _ ef- 
fective for 4 days. Powicide! 2 (2,4.5-trichlorophenol) 
and Lowicide! 28 (2,4,6-trichlorophenol) were ef- 
fective for the full 60-day test period, but Dowicide! 6 
(2,3,4,6-tetrechlorophenol) was effective for only 1 
cay. Tris (hydroxymethyl) nitromethane was effective 
for the entire test period, but tris (hydroxymethyl) 
aminomethane vas effective for only 1 day. It is of 
interest to note that very slight chemicel modification 
of 2 compound may drestically change its inhibitory 
activity in cutting emulsions. Closely related com- 


! Dow Chemical Co., Midland, Michigan. 


[von, 4 


pounds to those which were effective warrant addi. 
tional study. 

From previous work of Fabian and Pivnick (1953 
and the results reported in this paper, it is apparen| 
that most bacterial inhibitors tested in cutting em. 
sions will prove to be ineffective. 

In order to study large numbers of bacterial jp. 
hibitors in cutting emulsions, a reliable screening test js 
needed in order to eliminate quickly the ineffectiy 
compounds. Several different screening technics wer 
studied in this laboratory, and all but one proved 
unsatisfactory. The screening method found to be 


Commercial 
cutting oil 
inhibitor C 


Cetyl dimethyl 
benzyl ammonium 
chloride 


1,3-dichloro-5, 


Glyoxal 30 per cent - 
s1YOXa I dimethy!-hydantoip 


on 


Open | Closed Open Closed Open Closed Open Closed 

0.04. 0.06 0.06 0.06 Neg Neg Neg Neg 
Neg 3.60 Neg Neg 

-- 0.94 1.2 Neg Neg 
3.0 1.39 Neg Neg 

— 2.1 3.2 Neg Neg 
5.10 | 0.21 Neg Neg 

7.4 3.8 Neg Neg 

5.2 2.4 Neg Neg 

Neg 0.89 3.47 1.8 Neg Neg Neg Neg 

2.40 | 0.388 | TNC | 4.0 0.07 Neg Neg Neg 
1.40 0.23 4.6 Neg 
1.99 0.35 2.4 Neg 
0.86 Neg 1.9 Neg 

- 5.3 4.0 Neg Neg 


reliable was the closed system, or test tube method. 
Table 4 gives representative results of several different 
inhibitors tested simultaneously in the open and closed 
system. This study was cerried out for 60 deys, but in 
order to conserve space only the results for the first 31 
days are reported. It-may be observed that for pre- 
liminary screening the closed system compered favor- 
ebly with the open system. Compounds which were 
ineffective in the closed system were also ineffective in 
the open system. Those compounds which were in- 
hibitory in the closed system within 7 days were also 
effective in the open system but for a much longer 
period of time. The limitation of the closed system is its 
failure to disclose the length of effectiveness of an 
inhibitor and the of 
parently satisfactory substances. Two compounds may 


relative effectiveness two ap- 


give identical results in the closed system, but when 
studied in the open system distinct differences may be} 


noted. An example of this is glyoxal 30 per cent and 


1 ,3-dichloro-5 ,5-dimethyl-hydantoin. In the 


system these two compounds were completely inhibi? 
tory, and no difference in effectiveness could be deter: — 


closed | 
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mined. In the open system glyoxal 30 per cent was 
inhibitory for only 16 days, while 1 ,3-dichloro-5 ,5- 
dimethyl-hydantoin was active for the full 60-day test 
period. 

The closed system is an effective method for primary 
screening of inhibitors for emulsion oils, but additional 
studies on long range effectiveness of an inhibitor 
should be done in the open system on compounds which 
prove effective in primary screening. 

These results indicate the importance of aerial flora 
in the bacterial contamination of cutting emulsions. 
The closed system uninhibited control, initially inocu- 
leted with bacteria from cutting oil, had a consistently 
lower count then the open system uninhibited control 
which was similarly inoculated. The fluctuating bac- 
terial count in the open system has been found to be a 
constant phenomenon in this laboratory. High bac- 
terial counts usually can be related to increased activity 
in the laboratory or other factors, such as the operation 
of the air conditioning prior to making the counts. 

Comparison of the uninoculated uninhibited and 
inoculeted uninhibited controls shows the importance 
of adding used cutting oil inoculum to the testing sys- 
tem to test effectively a bacterial inhibitor. The inocu- 
leted control had, in most cases, a higher bacterial 
count than the uninoculated control. 

Another problem to be considered is the fact that an 
inhibitor may be very effective in one emulsion oil and 
completely ineffective in another. Pivnick and Fabian 
(1953), using a different cutting oil than any tested in 
this study, reported that 1 ,3-dichloro-5 ,5-dimethy]- 
hydantoin and 2,4,6-trichlorophenol were ineffective. 
These compounds, however, proved very effective in the 
cutting oil used in this investigation in the same con- 
centration. It has been observed in this laboratory that 
different cutting emulsions must be tested individually 
With various inhibitors in order to produce effective 
inhibition. 

The procedures employed in the foregoing study were 
proved to be suitable for the quantitative evaluation of 
becteriel inhibitors in cutting oil. Based on the data 
obteined, the folloy ing procedure is proposed as an 
inhibitors. The 
testing procedure has been used with considerable suc- 


effective method for evaluation of 
cess in this laboratory in connection with industrial 
research projects. 

A closed system screening test is first carried out to 
determine potential inhibitors that might be effective 
and to eliminate the many compounds which are un- 
satisfactory in cutting emulsions. The soluble oil emul- 
sion is mixed with a desired concentration of inhibitor, 
usually in concentrations of 100, 500, and 1000 ppm. 
The volume used is 19 ml of the oil emulsion and 
inhibitor. The tubes containing the emulsion and 
inhibitors and uninhibited controls are then sterilized. 
The tubes are inoculated with 1 ml of used oil emulsion 





which has been collected just prior to use. Collection of 
the used cutting emulsion just before use is very 
important because the bacterial flora will change con- 
siderably both in numbers and types of organisms even 
when stored in the cold. Several uninhibited controls 
which do not receive an inoculum serve as sterility 
controls. The inoculated tubes are mechanically agi- 
tated on a laboratory shaker at room temperature for 
the 7-day screening test. Immediately after inoculation, 
and at 24-hr intervals thereafter, 0.1-ml amounts of 
the emulsion are inoculated into nutrient broth. The 
inoculated broth tubes are incubated for 48 hr at 37 C 
and examined for turbidity. If the emulsion itself causes 
cloudiness of the broth, subcultures are made at the 
end of 24 hr into additional nutrient broth tubes. The 
screening test is carried out for 7 days, as it has been 
determined that compounds which do not produce 
sterility within 7 days in the closed system usually are 
unsatisfactory when tested in the open system. Com- 
pounds which do sterilize the emulsion in the 7-day 
test period are studied more extensively in the open 
system. . 

The open system consists of large-mouth jars con- 
taining 3000 ml of emulsion in the desired concentration 
and 3 g of powdered iron. Zuidema (1946) reported that 
the oxidation rates of hydrocarbons may be markedly 
increased by the addition of iron. It is believed that the 
addition of iron gives the organisms en additional 
advantage and more effectively tests the inhibitor. The 
concentration of inhibitor which proved effective in the 
closed system is added to the jar and each unit is inocu- 
lated with 5 ml of a freshly collected used emulsion 
sample. Uninhibited inoculated units serve for com- 
parison with the inhibited experimental units. Com- 
pressed air is bubbled into the lower levels of the oil for 
aeration and agitation. The effectiveness of the in- 
hibitor is determined at 3-day interve!s using standard 
plate count methods. All duplicate dilutions used in the 
plate count procedure are made in sterile distilled water, 
and Difco Plate Count Agar is employed as the plating 
medium. The duplicate plates are incubated at 37 C 
for 48 hr and then counted. Due to cloudiness produced 
by the emulsion oil in dilutions of 1:10 and 1:100 
these plates cannot be Therefore, 1-ml 
amounts of these dilutions are inoculated into nutrient 
broth and checked qualitatitively for growth after 48-hr 
incubation at 37 C. Any evaporation is compensated 
for at weekly intervals by the addition of water to 
produce the original 3900 ml of emulsion. The inhibitor 
which permits no growth, or a reduced growth, for the 
longest period of time is used in industrial testing. 
It should be remembered that inhibitors which give 
very favorable results in the !aboratory may, under ac- 


counted. 


tual industrial conditions, prove to be ineffective. Lee 
and Chandler (1941) were the first to encounter this 


problem. 
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SUMMARY 


Fifty-one inhibitors not specifically marketed for use 
in cutting oil and several commercial cutting oil in- 
hibitors were studied for their potential application in 
cutting oils. It was found that none of the commercial 
cutting oil inhibitors was satisfactory in controlling 
bacterial growth. Five compounds were found that com- 
pletely inhibited all bacteria for 60 days when tested in 
the open system which most nearly reproduced indus- 
trial conditions. 

On the basis of the data obtained, a procedure is 
recommended for testing bacterial inhibitors in soluble 
oils. The test is divided into two parts: A closed-system 
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screening study carried out for 7 days, an open-system 
test for a longer period of time to determine the ef. 
fective life of the inhibitor. 
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In seeking more efficient ways of combating plant 
diseases, the plant pathologist is continually searching 
for materials which, when applied to a given portion of a 
plant, will penetrate and move to nontreated areas at 
concentrations which will prevent symptom develop- 
ment, will not be phytotoxic, and which will persist for 
periods of weeks or months. Within recent years 
numerous papers have been published on the effective- 
ness of several antibiotics in controlling a number of 
plant diseases (for recent reviews see: Anderson and 
Gottlieb, 1952; Brian, 1954; Klinkowski ef al., 1955; 
Leben and Keitt, 1954; Stallings, 1954; Weindling ef al., 
1950). Reports on the movement of some of these 
materials in plants have been made by several workers 
(Aleorn and Ark, 1955; Anderson and Nienow, 1947; 
Ark and Torpen, 1955; Blanchard and Diller, 1951; 
Brian ef al., 1951; Brian, 1952; Charles, 1953; Crowdy 


1 Formerly Merck & Co., Inc., Postdoctoral Fellow in Plant 
Pathology, University of California, Berkeley; at present 
Plant Pathologist, Ornamental Plants Section, United States 
Department of Agriculture, Tucson, Arizona. 

2 Professor of Plant Pathology, University of California, 
Berkeley, California. 


and Pramer, 1955; Dunegan and Wilson, 1953; Dunegan 
et al., 1953; Gaumann ef al., 1952; Klemmer et al., 1955; 
Krassilnikov et al., 1955; Mitchell ef al., 1952; Pramer, 
1953; Pramer, 1954; Robison ef al., 1954; and Stokes, 
1954). While most studies have involved the treetment 
of the roots or aerial portions of intact plants (Blan- 
chard and Diller, 1951; Brian ef al., 1951; Brian, 1952; 
Crowdy and Pramer, 1955; Dunegan and Wilson, 1953; 
Dunegan ef al., 1953; Klemmer ef al., 1955; Mitchell 
et al., 1952; Stokes, 1954; and Winter, 1952), a few 
investigators have worked with cuttings of herbaceous 
(Pramer, 1954; Robison et al., 1954) or woody (Alcorn 
and Ark, 1955; Ark and Torpen, 1955) plants. 

This paper presents the results of further studies on 
the movement of chlortetracycline, neomycin, strepto- 
mycin, oxytetracycline, and tetracycline’ in cuttings of 

5 The following companies were kind enough to donate the 
tested antibiotics: Bristol Laboratories, Inc., Polyeycline HCI 
brand of tetracycline HCl; Lederle Laboratories Div., Amer- 
ican Cyanamid Co., Aureomycin HCl brand of chlortetra- 
eycline HCl and Achromycin HCl! brand of tetracycline HCl; 
Merck & Co., Inc., neomycin; Parke Davis & Co., strepto- 
mycin sulfate; and Chas. Pfizer & Co., Inc., Terramycin HCl 
brand of oxytetracycline HCl. 
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Pyracantha angustifolia and of streptomycin and 
tetracycline in cuttings of carnation (Dianthus caryo- 
phyllus L.). In addition, observations on the effect. of 
these antibiotics on the rooting of carnation cuttings 
and their stability in carnation are also recorded. 


RESULTS 


Results uith Pyracantha. Six- to ten-inch Pyracantha 
cuttings were defoliated for about 2 inches at the base 
and placed in about 1 inch of each test solution (that is, 
50 ml) in a 150-ml beaker. All test solutions were 
freshly prepared in distilled water for each experimental 
series. Cotton was placed around the top to reduce 
evaporation. After the desired test period, the cuttings 
were thoroughly washed and either terminally needle- 
inoculated with the fireblight-causing organism, Er- 
winia amylovora, or bioassayed. 

If inoculated, the cuttings were held either for 1 
week at approximately 75 F in a near-saturated at- 
mosphere in the laboratory or for 2 weeks in the green- 
house before readings were made. The average length, 
in inches, of fireblight infection in treated shoots, as 
compared with nontreated, was used as a measure of 
the mobility of the material. 

In a series of experiments, repeated at least 3 times 
and involving 10 shoots per treatment, 10-inch Pyra- 
cantha cuttings were exposed for 6 hr to 1:10,000 
chlortetracycline, streptomycin, oxytetracycline, and 
tetracycline. The ratio of the average length of infection, 
in inches, in the treated shoots to the average length of 
infection in the nontreated ones was: 0.5/2.7 in, 1.9/2.9 
in, 0/2.7 in, 0/3.9 in (1 shoot in 40 of those treated 
with tetracycline had 1 inch of infection). This ratio 
was 3.7/3.9 in for 9-inch cuttings treated for 7 to 8 
days in 1:5,000 neomycin and in distilled water. 

If bioassayed, the cuttings were dried after washing 


TaBLE 1. Movement of neomycin, streptomycin and tetracycline 
in cuttings of Pyracantha angustifolia as determined 
by bioassay 


Average 


—— 
‘ : > P Average | of Bio- 
Teer Exposure | No. of apres ft ae 
Antibiotic Period Cuttings peers y —— 
Cutting 
Base 
in in 
Neomycin hydrochloride, | 7 days 3 6 1 
75000 6 714 3 
Streptomycin sulfate, | 7 days 6 8 Ilo 
1:10,000 10 % 13 
6 hr 5 10 | 1% 
5 10 14 
Tetracycline hydrochlo- | 7 days 6 8 7 
ride, 1:10,000 10 8 7 
6 hr 5 10 7 
4 


5 10 


and then completely defoliated. Sections several milli- 
meters in thickness were taken at half-inch intervals 
from the tip to the base. These sections were placed on 
potato dextrose peptone plates previously seeded with a 
mixture of several strains of L. amylovora. Readings of 
activity zones were made after approx 18-hr incubation 
period at 28 C. 

In duplicated tests bioactivity was detectable at 
greater distances from the bases of cuttings treated for 
either 6 hr or 7 days in 1:10,000 tetracycline hydro- 
chloride than in those similarly treated with 1:5,000 
neomycin hydrochloride or 1:10,000 streptomycin sul- 
fate. Check lots of cuttings averaging 6 to 10 inches in 
length showed no bioactivity (table 1). Sections taken 
from streptomycin-treated cuttings consistently showed 
activity for an inch or so above the base. Distally, in 
nearly every case, however, activity appeared irregu- 
larly, perhaps at inch or more intervals, with sections 
between showing no activity. The movement data given 
for streptomycin include only the region of consistent 
activity. 

Movement of streptomycin and tetracycline in carnation 
cultings. The carnation cuttings were treated in gen- 
erally the same fashion as the Pyracantha shoots. 
Cuttings were freshly cut at the base, then placed in 50 
to 200 ml of test solution depending upon the number of 
cuttings involved per test. The depth of the solutions 
was approximately 1144 inches. Cuttings were typical 
of those used by nurserymen for propagation and 
ranged in length from 5 to 10 inches, including the 
leaves. 

Cuttings were prepared for bioassaying as were the 
Pyracantha shoots except that after defoliation each was 
measured to the growing point and then sections were 
taken from near the tip, the nearest even inch position, 
and then at 1-inch intervals back to and including the 
base. For recording purposes the base was considered to 
include the first quarter inch of the stem. 

In experiments repeated at least 3 times and involv- 
ing at least five cuttings per test, carnation cuttings 
were treated for 4 hr with 1:10,000 and 1:20,000 
streptomycin and tetracycline, and with distilled water. 
The average extent of bioactivity from the bases of the 
cuttings was: streptomycin, 1:10,000, 0.3 in; 1:20,000, 
0.4 in; tetracycline, 1:10,000, 4.3 in; 1:20,000, 3.5 in; 
and distilled water, 0 in. 

It has been shown that 1 per cent dipotassium phos- 
phate facilitates the movement of streptomycin from 
sand, vermiculite, and various clays (Ark and Alcorn, 
1956). Therefore, this material at the 1 per cent level 
was added to streptomycin solutions in duplicated ex- 
periments. Five carnation cuttings were used per test, 
with the average length of the cuttings in the various 
treatments ranging from 4.6 to 5.6 inches. The ratios 
of the average distance of bioactivity from the bases of 
cuttings in solutions with and without dipotassium 
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TABLE 2. Effect of streptomycin and tetracycline on 
carnation cuttings 
Treatment* 


Variety of Streptomycin, Tetracycline, 


Carnation Water 200 ppm 200 ppm 
4 hr 24 hr 4 hr 24 hr 4hr 24 hr 

Aphrodite 10¢+++4+f 8+++4/5+ 0 10+4+4+/44+++4+ 
Apollo 10+++ 9++4+/4+4+4+) 2+ 10+++4+154+ 
Sidney s8++ 10++ 0O 0 6+ 0 
Littlefield 
Pink Sims 10+++ 104+++3+4++4+ 0 10++4+44+4 
Red Sims 10+++ 10+++44++4 0 10+++9+++ 


* Treated 5/12/55; read 6/14/55. 

+ Number of cuttings that rooted out of 10 cuttings per test. 

t Average degree of root development: + = slight; ++ 
= medium; +++ = heavy. 
phosphate were: 1:5,000 streptomycin 3.0/0.4 in; 
1:10,000 streptomycin 3.3/0.3 in. No bioactivity was 
detectable in cuttings placed in | per cent dipotassium 
phosphate or in distilled water. It should be noted that, 
while the dipotassium phosphate apparently enhanced 
the movement of streptomycin, the cuttings so treated 
showed some wilting. 


Effect of streptomycin and tetracycline on the rooting of 


carnation cuttings. The deleterious effect of streptomycin 
on the rooting of various plants has been reported 
(Anderson and Nienow; 1947, Gray, 1955; Pramer and 
Wright, 1955: Wright, 1951). To determine 
whether or not this effect also holds true for carnations, 
cuttings from the varieties Aphrodite, Apollo, Sidney 
Littlefield, Pink Sims, and Red Sims were treated 4 or 
24 hr in 1:5,000 streptomycin and tetracycline solu- 
tions. The bases of the cuttings were freshly cut just 
before treatment and again just 


and 


before placing in 
vermiculite at which time they were also dipped in * 2 
Hormodin powder.‘ After 33 days, the cuttings were 
removed from the vermiculite and rinsed. The number 
of those which rooted and the average degree of rooting 
for each lot, as determined by observation, was re- 
corded (table 2). With the exception of the varieties 
Apollo and Sidney Littlefield, streptomycin at 4 hr 
noticeably retarded root growth, while tetracycline at 
4 hr had little apparent effect. The rooting of the 
Apollo variety was little affected by a 4-hr treatment 
with either antibiotic but was noticeably reduced in the 
24-hr test. Both 4 and 24-hr exposures to streptomycin 
and tetracycline inhibited the rooting of the cuttings of 
the Sidney Littlefield variety. 

In another experiment, 10 Sims variety cuttings were 
treated for 4 hr in each of 1:5,000 and 1:10,000 strepto- 
mycin and tetracycline solutions with controls in water, 
then stored in plastic bags at 32 F for 3 weeks. The 
begs were opened once a week for approximately 2 hr 

* The Hormodin powder used in these tests was donated by 


Merck & Co. Inc., Rahway, N. J. 
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for aeration. At the end of this period, the cuttings 
were cut at the base, dipped in * 2 Hormodin powder 
and placed in vermiculite. Forty-eight days after 
treatment, and 27 days after being placed in vermicy- 
lite, all of the controls and the tetracycline-treated 
cuttings had formed some roots, while 2 of 10 cuttings 
treated with 1:10,000 streptomycin and 6 of 10 treated 
with 1:5,000 streptomycin did not have roots. 

Indoleacetic acid in appropriate concentrations. js 
known to stimulate the rooting of many plants (Avery 
et al., 1947; Stoutemyer, 1954). Manganous ion at 5 
times the molar concentration of streptomycin has been 
reported to offset partially the detrimental effect. of 
streptomycin on the rooting of tomatoes (Gray, 1955), 
In an experiment to determine if these materials would 
enhance the rooting of antibiotic-treated carnation 
cuttings, manganese chloride at 5 and 2.5 times the 
molar concentrations, respectively, and = indoleacetic 
acid at the rate of 100 ppm were added to solutions of 
streptomycin and tetracycline. Cuttings were treated 
for 4+ hr and then were placed directly in vermiculite 
without being dipped in hormone powder. Ten cuttings 
were used for each test. Approximately 1 month after 
the treatments, the number of cuttings which rooted 
was recorded and the degree of rooting classified. In 
addition, roots, together with that portion of the stem 
to which they were attached, or its equivalent (the 
same approximate length of stem from those cuttings 
without roots) were cut from five representative 
cuttings and the dry weights recorded. The results of 
this study showed that indoleacetic acid could offset 
the detrimental effects of the antibiotics on rooting, 
while manganese chloride had little or no remedial 
effect (table 3). 

Observations on the duration of antibiotic activity in 
treated carnation cuttings. Five cuttings from each lot 
treated with 1:5,000 streptomycin and_ tetracycline 
(table 2) were bioassayed (four from the Pink Sims 
treated 4 hr with streptomycin) 33 days after treatment. 
All cuttings treated with streptomycin showed bio- 
activity. Of those treated for 4 hr (averaging 4.7 in in 
length) the upper limit of movement averaged 1.4 
in from the base, while the average limit was 2.6 in in 
cuttings (averaging 4.7 in in length) treated for 24 hr. 
However, 13 of the 25 4-hr tetracycline-treated cuttings 
showed no bioactivity. In all except two of those 
treated 24 hr, bioactivity was restricted to sections 
above the basal portions of the cuttings. In five cuttings, 
activity was located in only one section from or near 
each plant tip. 

At the end of the 4-hr treatment period involving 
manganese chloride (Mn) and indoleacetic acid (IAA) 
10 cuttings from each treatment lot were bioassayved. 
The ratios of the average distance of bioactivity from 


the base of the cuttings to the average cutting length 
for eech group were: 1:10,000 streptomycin 


0.3/3.4 
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in, Mn 0.3/3.5 in, 


mycin—0.3/2.9 in, 


[AA 0.3/3.5 in; 115,000. strepto- 
Mn 0.6/3.5 in, IAA 0.3/3.7 in; 
1:10,000 tetracycline— 3.8/3.8 in, Mn 3.0/3.3 in, IAA 
31/3.6 in; 1:5,000 tetracycline—3.0/3.2) in, Mn 
1/3.1 in, IAA 3.6/3.7 in. One month later, after the 
examination for root formation, five representative 
cuttings per test were bioassayed. With one exception, 
strong bioactivity (that is, large inhibition zones) was 
detected in al] streptomycin-treated cuttings. Ratios 
for the average extent of bioactivity to average cutting 
length were: 1:10,000 streptomycin—0.6/4.1 in, Mn 
1.1/4.8 in, IAA 1.1/3.2 in; 1:5,000 streptomycin 
0.7/3.2 in, Mn 1.4/3.8 in, IAA 1.3/3.8 in. Slight bio- 
activity (that is, comparatively small inhibition zones) 
was discernible in the distal 
portion of one cutting treated with 1:10,000 tetracy- 
cline, and in three cuttings treated with 1:5,000 tetra- 
eyeline. Of the latter, two cuttings had only single 
sections showing slight bioactivity. 


several sections from 


Among cuttings which were treated and then stored 
for 3 weeks at 32 F, five cuttings per lot were bio- 
assayed at the end of the treatment period and after 1] 
and 3 weeks of storage. Those treated with streptomycin 
showed activity only in the basal 1 inch, but it was 


TABLE 3. Effect of manganese chloride and indoleacetic acid on 
carnation cuttings in streptomycin and tetracycline solutions 
Response to Additives in 31 Days 


No growth 


substance 


Indoleacetic acid, 


ea MnCle-4H20 





Material a : ; =i| : si 
= oe = oe s' = bo ss 
SE ar ieee we ieee Be 
zgiaAla |2zi|a ja iz - i 
mg meg 
Streptomy 
cin 
1:10,000 ] + 16.0 10 +++/546.0 2 + 17.07 
1:5,000 2 + 126.0; 8 |+++/315.7) 0 9.0 
Tetracy- 
cline 
1:10,000 10 +4 43.0 10 +++ 191.0 10 +++ 72.7f 
125,000 10 |\++/53.5) 10 |+++/259.5) 8 ++ (53.5 
Water 10 |++) 65 | 10 |+++/393.0) 9§ | ++ /[98.5§ 
99 | ++ |75.04 


* Average degree of root development: + = slight; ++ = 
medium; +++ = heavy 

+ MnCl,-4H.O at 5X the molar concentration of strepto 
mycin. 

t MnCl.-4H.O at 2.5 the molar concentration of tetra 
evcline. 

§ Minimum concentration of MnCl.-4H:O used in the ex 
periment 0.084 g/L 

© Maximum concentration of MnCl.-4H.O used in the ex 
periment 0.223 g/L 
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found to-be as strong after 3 weeks as it was just follow- 
ing the treatment. After 1 week those treated with 
tetracycline showed strong activity from the base al- 
most to the tip, but by the third week of storage those 
dipped in 1:5,000 of the material showed reduced ac- 
tivity (that is, small inhibition zones), while those 
treated with 1:10,000 tetracycline showed very little 
activity and this was usually restricted to sections from 
the central portions of the cuttings. 
DISCUSSION 

The tests of movement of antibiotics in Pyracantha 
and carnation cuttings would indicate that antibiotics 
of the tetracycline group are capable of moving acrope- 
tally at a greater rate than either neomycin or strep- 
tomycin. However, we have no explanation for the 
occurrence in streptomycin-treated Pyracantha shoots 
of zones of bioactivity at irregular distances above 
consistent areas of activity. No such phenomenon was 
observed in carnations. 

It should be emphasized that the determination, by 
bioassay, of the relative rates of movement of these 
antibiotics was based on the presence of demonstrable 
quantities of the materials, using Lrwinia amylovora as 
the test organism. 

The effect of dipotassium phosphate in apparently 
increasing the rate of movement of streptomycin in 
carnation is suggestive of a base exchange reaction. 
Charles (1953), working with dyes in leaves of Atrepa 
belladonna L. and Prunus laurocerasus L., has suggested 
that the slower movement in the xylem of cations in 
comparison with anions might be related to an attrac- 
tion of such molecules to the walls by the charge 
(postulated as negative) on the tracheary walls. If this 
theory can be applied to our observations, Kk*+ would 
then seem to be more readily attracted by the negative 
wall charge than is the positive streptomycin radical. 
On the other hand, the apparent acceleration of the 
movement of streptomycin may reflect an enhancement 
of streptomycin activity, resulting from an increase in 
pH caused by the dipotassium phosphate. 

Under the conditions of the experiment, it would ap- 
pear that indoleacetic acid is than 
MnCl,-4H.0 in increasing the number of streptomycin- 
treated carnation cuttings which produce roots and in 
enhancing the degree of rooting of both streptomycin- 
and tetracycline-treated cuttings. Observation of halos 
around the sections on the bioassay plates indicated, 


more effective 


however, that neither indoleacetic acid nor manganese 
chloride affected the bioactivity of streptomycin or 
tetracycline. 

Experimental evidence suggests that bioactivity per- 
sists longer in streptomycin-treated carnation cuttings 
than in those treated with tetracycline. Furthermore, 
the persistence of such activity in the streptomycin- 
treated cuttings appears to be less affected by differ- 
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ences in concentration and length of exposure to the 
antibiotic than is the activity in cuttings treated with 
tetracycline. 


SUMMARY 


The average distances of fireblight infection, resulting 
from terminal inoculations of Pyracantha cuttings after 
antibiotic treatments, indicate that effective concentra- 
tions of chlortetracycline, oxytetracycline and tetra- 
cycline move acropetally more rapidly than do such 
concentrations of streptomycin. When Erwinia amylo- 
vora is used as the test organism, bioassays show that 
detectable quantities of tetracycline move more rapidly 
than do those of neomycin and streptomycin. This 
observed relative rate of movement of tetracycline and 
streptomycin is also true in carnation cuttings. How- 
ever, the apparent rate of movement of streptomycin in 
carnation cuttings may be enhanced by the addition of 1 
per cent dipotassium phosphate. 

Streptomycin has a more detrimental effect on root- 
ing of carnation cuttings than does tetracycline. This 
retardation effect can better be offset with indoleacetic 
acid added to the antibiotic solution than with MnCl, - 
4H.O. Evidence is presented that carnation varieties 
may vary in their sensitivity to streptomycin and 
tetracycline. 

Bioactivity may persist for as long as 33 days in 
carnation cuttings treated with streptomycin but begins 
to diminish by at least the third week after treatment 
with tetracycline, depending upon the concentration 
and the length of the treatment period. 
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Filipin is a new antifungal antibiotic first reported by 
Ammann ef al. (1955). It is produced by Streptomyces 
filipinensis, n. sp. Chemically it is a polyene and a 
member of a considerable group of antifungal anti- 
biotics with polyene characteristics (Whitfield e/ al., 
1955). Because a compound of this type would be ex- 
pected to have a long aliphatic chain in its structure, 
it was of interest to see what effect aliphatic substances 
such as oils and fatty acids would have on filipin pro- 
duction. After this work was begun, a paper was 
McCarthy ef al. (1955) on the effect of 
acids on the production of fungichromin, 


published by 
oils and fatty 
an antibiotic somewhat similar to filipin. 


MATERIALS AND METHODS 


Fermentations were carried out in 500-ml flasks 
containing 100 ml of medium. Flasks were incubated 
at 28 C on a rotary shaker at 250 rpm with a 2-inch 
stroke. All media were adjusted to pH 7.0 before auto- 
claving. 

Inoculation was with | per cent vegetative growth 
from a 3-day-old shake flask grown in 3 per cent cotton- 
seed flour, 2 per cent glucose medium which had been 
heavily inoculated with spores from an agar slant. 
Flasks were sampled usually at 3, 4, and 5 days after 
inoculation. Samples of fermented broth were diluted 
with 95 per cent ethanol, extracting the antibiotic from 
the mycelium. After standing for 30 min the clear super- 
natant was decanted and assayed spectrophotometri- 
cally by the method described by Ammann e/ al. (1955). 


The results are obtained in yg per ml of filipin. 
RESULTS 

A study was made first of the production of filipin in 
media containing natural substances. As table 1 shows, 
a variety of oils and fats gave increased yields over the 
glucose control. Inasmuch as these substances are 
derived from a wide variety of sources, it would seem 
that the stimulation noted is not a specific effect but 
one characteristic of substances containing long 
aliphatic chains. 
effect. 

The next step was to determine the effect of indi- 
vidual fatty acids and their derivatives on yield. A 
summary of some of the results is presented in table 2. 


Compounds that gave high yields were palmitic acid 


The two waxes tried were without 


1 With the technical assistance of Donald L. Blum. 
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and its esters, oleic acid, methyl! oleate, triolein, 12- 
hydroxystearic acid, tetradecanol, hexadecanol, and 
methyl myristate. Stearic acid, methy! stearate, methy] 
laurate, and glycerol were better than the glucose con- 
trol but were not as good as the natural substances. 
Myristic and lauric acids appeared to be toxic, while 
their esters were not. It is interesting that of the tri- 
glycerides tested, only triolein produced high yields, 
tripalmitin and the others being completely ineffective. 
This may be due to the high insolubility or poor dis- 
persibility of these latter triglycerides. Triolein, on the 
other hand, is a liquid and consequently more readily 
dispersed. Various attempts to increase the dispersi- 
bility of tripalmitin were unsuccessful. 

An obvious interpretation from table 2 is that it is 
the aliphatic portion of the natural fats and not the 
glycerol that causes the high yields. A number of other 
aliphatic substances that have been tried and found 
to be ineffective are octanoic acid, hexanoic acid, 
decanoic acid, butyric acid, calcium proprionate and 
acetic acid. Several of these are probably toxic. Yields 
of 1800 and 680 ug per ml were obtained with trioc- 
tanoin and trihexanoin, respectively. The fact that 
these substances are easily dispersed may explain their 
activity. 

An experiment was set up to determine the optimum 
concentration of palmitic acid for maximum yield. 
From the results in table 3 it can be seen that there is 
little increase in yield at concentrations above 5 per 
cent palmitic acid and from an economic standpoint this 
could be considered the maximum concentration to use. 

Various nitrogen sources were tested in a palmitic 
acid medium and it can be seen in table 4 that good 
vields were obtained with several widely different 
substances. Peptone, however, was completely unsatis- 
factory. McCarthy ef al. (1955) found that fungichromin 
was produced quite well in a medium containing pep- 
tone and palmitic acid. 

The time course of filipin production can be seen in 
table 5. An especially interesting point is the change in 
pH with time. On the low yielding glucose medium, the 
pH rises rapidly from 7.0 and exceeds 8.0 within 3 days. 
In media in which an aliphatic substance effective in 
filipin production is present, the pH remains around 
7.0 for a relatively long time. In other media, especially 
those containing oleate, the pH usually drops to around 
6.0, probably due to the hydrolysis of the oleate to 
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TABLE 1. Effect of natural oils, fats and wares on 
filipin production 


Carbon Source* Filipin Peak Yield 


[voL, 4 


with streptomycin and showed the effect of oils on jts 
production. In streptomycin the replacement of glucos 
by oil was best made on a caloric basis and it is apparent 
that the oil did not have a specific effect but. served 
only as an energy source. Oils and fatty acids contain 
more energy per unit weight than glucose. In the 


present 


case, 


and also in that of fungichromin, the 


pg/ml 
Glucose........ a? re 235 
a Pr elon Foie 1170 
ee eee 1520 
Coconut oil.......... 1046 
SS See eee eee 2600 
PR et fh hcink oRée Teas wae 1204 
RE A Ae os Ac iaig sy win ile '8 2040 
Lecithin (vegetable). ............. 4206 
Lecithin (animal).............. 2392 
Mutton tallow. .................... . 620 
a nee Pe eee 133 
NN asco i ckmmianeon nee 0e~ ee 80 


* All media contain carbon source 2 g and soy flour 3 g per 
100 ml, adjusted to pH 7.0. 


TaBLE 2. Effect of aliphatic compounds on the production 


of filipin 
Carbon Source G Per 100 MI* i 
ug per ml 
Glucose...... Pe gt DS ino 2 235 
Palmitie acid........ Pes, 2 2531 
Ethyl palmitate. ............ 2 2470 
Methyl palmitate... 2 3130 
Glyceryl monopalmitate . 2 1562 
Oleic acid. 2 1749 
Methyl oleate. .............. 2 4330 
12-Hydroxystearic acid. ....... 2 2339 
Tetradecanol 2 1970 
ee 2 2799 
SS eee ee 2 405 
Methyl stearate. . 2 560 
Myristic acid.... 2 182 
Methyl myristate 2 3560 
Lauric acid........ 1 35 
Methyl laurate............... 2 596 
Tripalmitin............. 2 103 
UNMENREE tig co sb xtoia foie bo pie ais nw 7.6 2 64 
Rd nl haw gaan anes 2 2500 
UMNNTMLMID, <5. Sisk <a oe ons b= 2 76 
SEU ere Gs Sco Skss x weewee ns 2 447 


* All media contain soy flour 3 g per 100 ml, adjusted to 
pH 7.0. 


oleic acid which has considerable effect on the pH. 
Palmitic acid has little effect on the pH of the medium. 
These pH changes indicate that there is a different 
sort of metabolic picture in the presence of an aliphatic 
substance than in a medium with carbohydrate. 


Discussion 
Only two previous papers have dealt specifically 
with the effect of fatty acids and oils on antibiotic 
production in actinomycetes. The publication of 
McCarthy ef al. (1955) has been discussed above. An 
earlier paper by Perlman and Wagman (1952) dealt 


TABLE 3. Effect of palmitic acid concentration on 
filipin production 


Carbon Source G Per 100 MI* Filipin Peak 
ait 


ug per ml 
Palmitic acid........ #% : 0.1 188 
eo. ee 0.5 1120 
Palmitic acid.......... 1 2077 
Palmitic acid. . 2 2531 
Palmitie acid. 3 3496 
Palmitie acid 4 4320 
Palmitic acid............. 5 5692 
Palmitie acid 6 6200 
Palmitic acid 10 6800 


* All media contain soy flour 3 g per 100 ml, adjusted to 
pH 7.0. 


TaBLe 4. Effect of nitrogen source on production of filipin 


Nitrogen Source* Filipin Peak Yield 


ug per ml 
ICG US") RRR Gate, Sean ee cme 2531 
Cottonseed meal.............. 2420 
Cottonseed flour. ............. : 2880 
Brewer’s yeast (Pabst)......... 3350 
Corn steep liquor........ aa 2670 
Peanut meal Pere zane 1890 
Yeast extract Ae a ae 1870 
Wheat germ meal............ : 1920 
Liver extract ee a 1680 
Linseed meal.......... , 1600 
Corn gluten meal. ....... 1320 
Peptone he 50 


* All media contain 2 g palmitic acid and 3 g nitrogen source 


per 100 ml, adjusted to pH 7.0. 


r 


— 
2 


ABLE 5. Time course of filipin production 


Medium A* Medium B* Medium C* 


Incubation 


pH Filipin pH Filipin pH Filipin 
days | ug per ml ug per ml ug per ml 
2 7.8 | 255 6.8 1220 6.15 1136 
3 8.15 | 255 6.8 1960 6.0 2952 
{ 8.3 | 256 7.1 2440 5.7 2520 
5 8.6 | 232 7.25 | 2100 | 6.4 2800 
6 8.6 | 206 77 2068 
7 8.4 | 195 7.6 1968 
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inereased yield in the presence of fatty acids and oils 
camot be attributed to the added energy available, 
nce the yields are greater than would be expected 
jom the additional energy supplied. 

It would appear from the present results that high 
fipin production cannot be attributed to any specific 
aliphatic substance, but rather that there are a limited 
number of compounds which are favorable. It is difficult 
io decide from the data what the exact requirements in a 
abstrate are, since related materials such as stearic and 
\2-hydroxystearic acids show such wide differences. It 
may be necessary to separate toxicity from unavaila- 
bility. The shorter-chain compounds that are ineffective 
may be toxic, while the longer-chain ineffective com- 
pounds may be unavailable due to inadequate dis- 
persability. 
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SUMMARY 


This paper has dealt with the production of filipin, a 
polyene antifungal antibiotic, by Streptomyces filipinen- 
sis, n. sp. Antibiotic yields have been markedly in- 
creased by the presence of oils or specific fatty acids. 
The increase in yield cannot be due merely to the in- 
creased energy available since the yields are many 
times greater than would be expected on this basis. 
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Standards most commonly used to limit the minimum 
treatments in pasteurization of milk are 143 F for 30 
min (vat method) and 161 F for 15 see (A TST, or high- 
temperature short-time method). Interest has been 
shown in the development of methods that would 
employ temperatures high enough to permit elimina- 
tion of holding periods (Dahlberg et al., 1941; Barber, 
1953; Tobias et al., 1953; Litsky et al., 1954; Herreid, 
1954; and Tobias, 1955). In such processes the entire 
lethality would be accounted for in heating and cooling 
the product. 


Although most results used for determining the 


thermal death time curves of vegetative cells have not 


included experimental data on higher temperatures 


' Department of Dairy Industry, Davis, California. 
* Department of Agricultural Engineering, Los Angeles, 


- California. 


3 Present address: [astern 
U.S.D.A., Washington, D. C. 


Utilization Research Branch, 


and shorter times than those used in conventional 
HTST pasteurization, most investigators accept that 
thermal death time and thermal resistance curves ob- 
tained by plotting destruction times on a logarithmic 
scale against temperature on an arithmetic scale are 
straight lines (Schmidt, 1954). Extrapolation of a 
straight line beyond the temperature range for which 
experimental data are available has provided helpful 
predictions of the lethality of processes involving high 
temperatures for very short times (Bendixen ef al., 
1937; Burton, 1951). Deviations from linearity have 
been reported at high temperatures in some studies 
(Holland and Dahlberg, 1940), though they might have 
been the result of experimental difficulties in applying 
and evaluating short treatments at high temperatures. 

Some procedures used for studying the thermal 
resistance of bacteria involve such rapid heating and 
cooling that te lethal effects during the heating and the 
cooling periods may be ignored. Use of sash methods is 
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limited to relatively low temperatures, requiring ap- 
preciable holding periods. Procedures using higher 
temperatures for shorter times necessitate evaluation 
of the lethal effects during heating and cooling. Ball 
(1943) and Burton (1951) described principles that 
can be used for such evaluation. 

This paper reports on a study by two laboratory 
procedures of the thermal resistance of two species of 
bacteria. A “holding” procedure was used at a relatively 
low temperature range (139 to 151 F), without correct- 
ing for the lethality of the heating and cooling periods. 
A “continuous-flow” procedure at higher temperatures 
(165 to 185 F) required evaluation of the lethal effects 
during heating and cooling. Two procedures were used 
not only to procure additional information but to 
check on the agreement between the procedures used, 
and hence on the reliability of the methods for evaluat- 
ing the effectiveness of ‘‘no-hold’’ processes. 

Ball (1943), Katzin et al. (1943), and Stumbo (1949) 
emphasized that, in establishing safe thermal process 
requirements, other important considerations besides 
the thermal resistance of microorganisms (D and z 
values) are the initial count and the tolerance of sur- 
vival. Ball and Katzin et al. summarized the data 
available on the thermal resistance of microorganisms 
as related to pasteurization. More recent reports have 
included data for heat-resistant species of Micrococcus 
(Speck, 1947; Barber and Hodes, 1950) and Sarcina 
(Myhr and Olson, 1952), for Escherichia coli (Olson 
et al., 1952), for two species of Pseudomonas (Kaufmann 
and Andrews, 1954), for Brucella abortus (Foster et al., 
1953; Kronenwett ef al., 1954), for Coxiella burnetii 
(Enright et al., 1956), for poliomyelitis virus (Kaplan 
and Melnick, 1952), and for Coxsackie viruses (Kaplan 
and Melnick, 1954). 


MeETHOopsS 


Micrococcus freudenreichit (MS66) and Streptococcus 
thermophilus were studied. M. freudenreichii was 
selected because it had been found suitable for use as a 
test organism in pasteurization studies (Speck, 1947; 
Speck and Lucas, 1951). S. thermophilus was chosen 
because it has higher thermal resistance at 143 F and 
because the cells occur in chains. It was thought that 
these characteristics might produce peculiarities not 
evident in the results with M. freudenreichit. 

The technic for handling M. freudenreichii was that 
reported for Micrococcus (MS18s) by Grosche et al. 
(1952), except that agar slants were prepared in 2-o0z 
bottles and B.B.L. trypticase was substituted for NZ 
case in the medium used for preparing slants and 
plating samples. The plate counts of test inocula of 
M. freudenreichit were about 5.0 X 108 per ml. 

S. thermophilus was propagated in sterile skim-milk 
at 35 C. Test inocula were prepared by growing a 
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culture for 20 hr and then adding 5 ml of the culture ty SCHEM 
50 ml of 0.9 per cent saline. The suspension was shake) 
vigorously 100 times and then kept in an ice water bath ae 
until a given day’s series of tests was completed, ]) 
preliminary experiments the suspensions of § la 8 


thermophilus were filtered through paper. This step 
was discontinued when it was found that filtratio, 
removed too many of the bacteria. The plate counts of 
test inocula were about 1.5 X 10’ per ml. Sample 
containing S. thermophilus were plated on modified 
trypticase soy agar (Mull, 1950), to which was added 
0.25 per cent of yeast extract and 1 per cent of sterile 
skim-milk. 

The “holding” procedure involved adding 1 ml of 
inoculum to 99 ml of sterile skim milk (previously ad- 
justed to the desired temperature) and removing and 
promptly cooling test samples at selected time intervals. 
Plate counts were determined and rate of destruction 
curves were plotted. This procedure was applied at 
2-degree intervals from 139 through 151 F. (At 143 F 
results with skim milk and homogenized milk were not 
detectably different.) 

In applying the heat treatment 6-0z bottles contain- 
ing 99 ml of sterile skim milk each were submerged in 
a water bath thermostatically controlled to the tem- 
perature under test. Bottles were agitated and manipu- 
lated beneath the water level with rubber-covered tongs. 
Adding the inoculum usually lowered the temperature 
of the test material 0.5 to 0.6 F, necessitating a com- 
pensatory adjustment of the water bath to a point 0 
to 0.6 F higher than the temperature under test, with 
readjustment to the test temperature immediately 
after inoculation. During the last 5 min the bottle of 
skim milk was shaken intermittently. When the holding 
time was less than 3 min, the bottle was shaken con- 
tinuously during the period; for longer holding times it 
was shaken continuously for 3 min after inoculation and 
for 1 min prior to each sampling. Only the cap and 
neck of a bottle were raised above water level for 
inoculating or sampling; each of these operations re- 
quired 10 to 15 sec. Samples of 1 ml were removed at 
intervals and placed in bottles containing 9 ml of sterile 
buffered distilled water. These 1:10 dilutions were 
kept in an ice-water bath until plated. 

A “continuous-flow” procedure, using the small-tube 
heater illustrated schematically in figure 1, was adopted 
to determine thermal resistance data at temperatures of 
165 to 185 F. The material to be heated was pumped 
by means of a Zenith gear pump through a heating coil, 
a transfer tube, and cooling coil. The coils and transfer 
tube were constructed from 1¥-in stainless-steel tubing 
(0.06 in JD). The heating coil was mounted in a steam 
chamber automatically maintained at the desired | 
temperature by a pressure regulator that operated ‘} 
solenoid valve in the steam supply line. Condensate 
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SCHEMATIC DRAWING OF SMALL TUBE LABORATORY PASTEURIZER 
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TO Sekin “WATER INLET 
Fic. 1. Schematic drawing of the small-tube heater used for 
determining the thermal resistance of Micrococcus freuden- 
reichii and Streptococcus thermophilus in milk at temperatures 
of 165 to 185 F by the ‘‘continuous-flow”’ procedure (T.C. = 
thermocouple). 


and noncondensable gases were removed by an ejector. 
The cooling coil was suspended in a water bath in 
which the cooling water was agitated and continuously 
replaced. Thermocouples were placed in the heating 
and cooling chambers and in elbows at the outlet ends 
of both coils. 

Prior to each use, the small-tube heater was cleaned 
by a circulation-cleaning procedure and sterilized with 
steam. Adequacy of this procedure was confirmed by 
plate counts on uninoculated milk passed through the 
small-tube heater just prior to each experiment. A 
slight increase in pressure-drop across the coils during 
each experiment indicated that there was some accumu- 
lation of foreign material, not considered sufficient to 
cause appreciable error in flow time or tube volume. 
After each cleaning the pressure drop returned to its 
original value. 

Pasteurized and homogenized milk with initial plate 
counts from 40 to 70 colonies per ml was inoculated with 
suspensions of the test bacteria, prepared in the same 
manner as for the “holding” experiments. The inocu- 
lated milk was heated in the small-tube heater to the 
highest temperature desired, and samples for plating 
were taken following each stepwise reduction in the 
heating temperature. 

Product flow rate and temperatures at selected points 
were recorded to permit calculating times and tem- 
peratures during the heat treatment. An attempt was 
made to keep flow rate constant during a series of tests, 
but some variations were encountered. At the flow 
rates used, the time required for heating from 140 F to 
the desired temperature was approximately 0.3 sec; 
0.13 sec elapsed during transfer from the heating to the 
cooling section, and approximately 0.1 sec was required 
to cool the product to below 140 F. 
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RESULTS 


Experiments with the “holding” procedure. A rate of 
Pp g Pp 


destruction curve was constructed from the data from 
each experiment by plotting the numbers of surviving 
bacteria on the logarithmic scale of semi-log paper, and 
plotting the time (at the given temperature) on the 
arithmetic scale. The curves showed that in most 
cases the initial death rate was retarded slightly, as 
might be expected when clumps or chains of bacteria 
are present at the start of heat treatment (Wyss, 1951). 


Two methods were used to determine D values, that 


is, time in minutes for the rate of destruction curve to 
pass over one log cycle (Schmidt, 1954). For method A 
the initial curvature of the rate of destruction curve was 
ignored. Excluding the initial points on the curve, a 
best-fit straight line was fitted visually to the data; 
the slope of the line, expressed as time to pass over one 
log cycle, was the D value. For method B, the final count 
necessary to give 99.99 per cent destruction of M. 
freudenreichii 


or 99 per cent destruction of S. 
thermophilus was calculated from the initial plate 
count. A straight line was drawn through the two 
points just higher and lower than the desired end point 
of destruction, and the position of the desired end point 
was estimated by interpolation. The D value was taken 
as the reciprocal of the slope of the straight line Joining 
the initial count and the interpolated position of the 
desired final count. Thus, for method B a first-order 


TABLE 1. D values (in minutes) for Micrococcus freudenreichit 
calculated by two methods from date determined 
by the ‘‘holding’’ procedure 


Temperature (F) 
No. eee 
139 | 141 | 143) 145 | 147 | 149 | 151 


Method A 
1 119.010.39.54.402.621.170.89 
2 22.7/11.08.64.27,2.371.201.00 
3 18.0) 9.66.73.822.221.320.89 
4 

5 

6 





21.011.37.63.082.461.340.64 
19.2) 9.29.24.302.61/1.230.80 
20.9 9.07.74.152.601.151.40 


20.110.18.24.002.481.240.94 
1.7, 1.01.10.490.160.08 0.29 


Wintec 2... aA 
Standard deviation 





Method B 





1 22.512.99.54.922.951.801.23 
2 20.812.09.64.752.981.661.19 
3 23.0 12.69.14.70 2.871.68 1.20 
4 25.714.09.34.552.901.651.18 
5 24.016.28.33.622.721.541.28 
6 23.511.67.6.4.422.381.550.93 
Mean. Pm 23 .2:13.28.9.4.492.801.651.17 
Standard deviation...........| 1.6) 1.70.80.620.220.090.12 
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TABLE 2. D values (in minutes) for Streptococcus thermophilus 
calculated by two methods from data determined 
by the ‘‘holding’’ procedure 


| 
Temperature (F) 


139 | 141 | 143 | 145 | 147 | 149 | 151 


Method A 


1 75.0 50.5 19.2 14.75.70 2.5611.91 
2 47.9 65.7,20.6 12.26.62 2.45 1.29 
3 106.5 23.3 18.0 11.7 7.62 2.38 1.20 
4 82.5 24.3 27.3 10.08.75 1.73 2.15 
5 63.3 46.3 31.5 12.97.32 2.29 1.51 
6 85.5 52.228.212.7, — 2.561.06 
RRR rg i als cde ase) 0050 40.024. 112.47 .202.33'1.52 
Standard deviation.........) 20.019.0 5.6 1.51.140.310.43 
Method B 
1 75.537.0 21.2:14.2 7.50 3.20 2.09 
Z 85.5 40.0 23.6 13.17.35 3.301.42 
3 91.551.018.2 14.06.403.201.61 
4 92.0 54.0 16.7 13.36.403.001.13 
5 68.0 49.0 15.0 11.83.75 2.60 0.90 
6 98 .5 52.0 14.212.0 2.10 0.86 
CSS ae Siac cain fea 218.113.3828 2.900 1:33 
Standard deviation....... 11.4 7.0 3.6 1.01.590.460 51 


rate of destruction was assumed from the start of the 
heat treatment. Results of 6 tests at 7 temperatures 
‘aleulated by both methods are presented in table 1 
for M. freudenreichit, and in table 2 for S. thermophil: s. 

Equations for regression of the logarithm of the D 
values (in min) on temperature (f in degrees F) were 
calculated by the method of least squares. Equations 
developed for M. freudenreichii were: log D = 17.1 
— 0.114 t, by method A; and log D = 16.8 — 0.111 4, 
by method B. Corresponding equations for S. ther- 
mophilus were: log D = 22.1 — 0.145 t, by method A; 
and log D = 22.7 — 0.149 t, by method B. These are 
equations for the thermal resistance curves of these 
organisms (terminology of Schmidt, 1954). 

D values predicted from the regression equations, 
together with their 95 per cent confidence limits, were 
calculated for arbitrarily selected temperatures. For 
M. frevdenreichii the predicted D at 180 F was 0.00064 
min (confidence limits: 0.00051 to 0.00082). For S. 
thermophilus the predicted D at 174 F was 0.00051 min 
(confidence limits: 0.00032 to 0.00083). 

Experiments with the “continuous-flow” procedvre. 
Data from 3 trials with each test organism were used to 
calculate D values by method B. (Method A could not 
be used, for samples had not been obtained after treat- 
ments with varied time at a given maximum tempera- 
ture.) The results are summarized in table 3; the steps 
followed in the calculations were as follows: 

1. Per cent destruction of the bacteria was calculated 
for each keated sample. Three samples (2 for trial D) 
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with approximately the desired bacterial destructioy 
(99.99 per cent for MW. freudenreichiz; 99 per cent for § 
thermophilus) were selected from each trial. 

2. Rates of heating and cooling for each selected sam. 
ple were calculated. The relation between temperature 
and the fraction of coil traversed during a heating period 
is given by the equation:' 


’ (A/Ao) ln((ta—te)/(ta—ty)) 
i=4-G-He °°" 


where (, = temperature of the heating chamber; f, = 
initial product temperature; f2 = final product tempera- 
ture; A = heating-surface area traversed; and A, = 


total heating-surface area of the coil. Fractions of the 
total heating-surface area, A/A», were selected arbi- 
trarily, and corresponding temperatures calculated, 
The times required to reach these values of A /A» were 
calculated from the flow rate and tube dimensions, 
The same method was followed to calculate correspond- 
ing temperatures and times during the cooling period. 

3. For each organism an equation for lethal-rate 
values (proportionate to reciprocals of the D values 
was derived from the regression equation (method B), 
Lethal-rate values were calculated for each successive 
temperature in transit. 

4. The lethal-rate constants were plotted against 
corresponding times, and the area under the curve was 
estimated (by Simpson’s rule). The result was expressed 
as a fraction of the treatment predicted (from the 
regression equation) to give the desired destruction. 

5. The fraction was used to calculate (a) the equiva- 
lent time at the maximum temperature, and (b) the 
equivalent time at an arbitrarily selected temperature 
that gave approximately the desired destruction (180 7 
for M. freudenreichii; 174 F for S. thermophilus). 

6. Values for per cent destruction in the selected 
samples of each trial were plotted egainst equivalent 
times at the arbitrary temperature. A best-fit line was 


‘Temperature of the milk approaches that of the heating 
medium exponentially as.the heating surface is traversed. 





(t. — d) ee (ta — t) UA 
= , sae te- =o 
‘ — &) i — “4 cw 
where U = thermal conductance (heating medium to mi.k); 
c = specific heat of milk; and w = milk rate. When A = A:, 
{= lo. 
Then 
UA» (ta — te) 
_ = In - 
cu (la — th) 
Thus 
U 1 (ta — te) 
—-—=—In 
cw 1. (t, — t) 


and (by substitution) 


é-@ 


= p!A/A2) In((ta—te)/(ta—t))) 
(t, — t)) 
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Tape 3. Thermal resistance results for Micrococcus freuden- 
reichii and Streptococcus thermophilus determined 
by the ‘‘continuous-flow”’ procedure 


Frac- ee ER 
Per cent Maxi tion yr Time for 
Trial |Sample| De piety TSE Desired | rp Value 
No. No. struc- | Temp | sired Destruc- | 
tion , Proc- Max Selected | #0” 
— temp tempt 
M. freudenreichii 
F min | min | min min 
A 7 (99.995 180.81 .720 0.00325 0.00402 0.00345 (0.00086 
8 99.90 |177.80.802,0.00337 0.00187 
9 79.66 174.00.297\0.00317\0.00069 


B 4 99.981 179.8 1.287 0.00330 0.00301 0.00328 0.00082 
5 98.37 176.9.0.571 0.00323 0.00133 | 
6 92.10 174.1.0.309.0.00319/0.00072 


99.999 180.7 1.820'0.00295 0.00268 0 .00315)0 .00079 
6 99.95 178.51.007 0.00346\0.00235 
7 99.21 176.80.623.0.00319,0.00145 


ons 
— 


x 


S. thermophilus 


D 10 91.66 173.4 1.283 0.00295'0 .00268 0.0052 0.0026 
11 (53.88 |169.80.319 0.00298'0.00066 


1D 7 99.81 175.22.1400.003000.00445 0.0035 0.0018 
8 94.92 173.61.2160.003100.00253 
9 71.54 171.20.552.0.00313/0.00115 

F § 99.93 173.7 1.361 0.00313 0.00283.0.0020 0.0010 
9 95.94 172.20.742 0.00312.0.00154 
10 61.20 170.4.0.4100.00313 0.00085 


* Fraction of the process predicted from the regression equa- 
tion to give the desired destruction (99.99 per cent for M. 


freudenreichii; 99 per cent for S. thermophilus). 


+180 F for M. freudenreichii; 174 F for S. thermophilus. 


drawn visually through the points, and the time re- 
quired for the desired destruction was estimated by 
interpolation (in trials B and D by extrapolation). The 
result was converted into the D value (for /. freuden- 
reichii, by dividing by 4; for S. thermophilus, by divid- 
ing by 2). 

Summarized data from both the “holding” and the 
“continuous-flow” procedures are presented in figure 2. 
DIscUSSION 

With the “holding” procedure, the results with 
M. freudenreichii were more reproducible than those 
obtained with S. thermophilus (tables 1 and 2). Some of 
the variations with S. thermophilus can be attributed 
to difficulties in enumeration. With unheated samples 
a 10-fold dilution did not result in a 10-fold reduction 
in the numbers of colonies per plate; with heated 
samples a 10-fold dilution usually gave a greater-than- 
10-fold reduction in fhe numbers. These difficulties were 
not eliminated completely by using buffered distilled 
water as diluent and adding sterile skim milk and yeast 
extract to the plating medium. 
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Fic. 2. Summarized thermal resistance data obtained by the 
“holding”? and the ‘‘continuous-flow’’ procedures for Micro- 
coccus freudenreichii and Streptococcus thermophilus. The 
regression curves, calculated by method B from D values 
obtained by the “holding”’ procedure, were log D = 16.8 — 
0.111 ¢ (for M. freudenreichii) and log D = 22.7 — 0.149 ¢ (for 
S. thermophilus). The 95 per cent confidence limits of the esti- 
mated D (at 180 F for M. freudenreichii; at 174 for S. thermo- 
philus) are indicated by brackets. O, M. freudenreichii, 
‘holding’ procedure; @, M. freudenreichiz, ‘‘continuous-flow”’ 
procedure; A, S. thermophilus, “holding”? procedure; A, S. 
thermophilus, ‘‘continuous-flow”’ procedure. 


Method A was considered preferable to method B for 
calculating D values. The majority of bacteriologists 
accept that the rate of destruction curves for bacteria 
plotted on semi-log paper are straight lines, except for an 
initial curvature in some cases (Wyss, 1951). If there is 
an initial curvature in the rate of destruction graph, the 
end point of destruction that is chosen will influence the 
D value calculated by method B. Thus, for extrapolation 
of a rate of destruction curve beyond the range of ex- 
perimental data, as in predicting a process requirement 
involving several log cycles of destruction, method A, 
which ignores the initial curvature, would be expected 
to give a more reliable result. Another consideration is 
that a D value estimated by method A from the straight 
part of a rate of destruction curve is based on more 
experimental points than a value by method B, which 
involves only initial and final counts. 

In comparisons of D values and thermal death times 
reported in the literature, consideration must be given 
to the method of calculating the results and the end 
point of destruction. Results reported in terms of time- 
temperature combinations necessary for “complete” 
destruction or a given per cent (for example, 99.99) are 
comparable with those calculated by method B. They 
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usually are based on two or three values (often the 
initial plate count and one or two other counts), and 
they include the initial portions of the rate of destruc- 
tion curves. 

Since the holding time was not varied in the ‘‘con- 
tinuous-flow”’ procedure, only one result was obtained 
at each temperature during the series of tests. Only the 
initial and final plate counts were available for esti- 
mating D values. Consequently, method B was used in 
‘aleulating D values for comparison of results obtained 
by the “holding” and ‘‘continuous-flow”’ procedures. 

At temperatures of 139 to 151 F, D values for S. 
thermophilus were greater than those for M. freuden- 
reichii (tables 1 and 2; figure 2). However, in view of the 
difference in z values (degrees F required for a 10-fold 
change in D value on a thermal resistance curve) for the 
two regression curves (9.0 F for M. freudenreichii as 
compared with 6.7 F for S. thermophilus) it was ex- 
pected that at temperatures above about 154 F, D 
values for /. freudenreichii would be greater than those 
for S. thermophilus. Data obtained by the ‘“‘continuous- 
flow” procedure substantiated this prediction (table 3; 
figure 2). 

D values calculated for M. freudenreichii at 180 F 
from data obtained by the ‘“‘continuous-flow”’ procedure 
agreed with the value predicted from the ‘holding’”’ 
data almost within the 95 per cent confidence limits of 
the “holding” procedure alone (figure 2). (Sufficient 
data were not available to permit making allowance for 
error in the “continuous-flow” results by calculating 
their confidence limits.) Although one D value (0.00086) 
was just above the upper confidence limit of the “‘hold- 
ing” procedure (0.00082), the results indicate that the 
thermal resistance curve for M. freudenreichii can be 
considered a straight line up to at least 180 F. This 
finding increases the confidence in results obtained by 
the two procedures and in the method used for evalu- 
ating the lethal effects during heating and cooling. 

For S. thermophilus the results obtained by the ‘‘con- 
tinuous-flow” procedure did not show as close an 
agreement with the value predicted from the “‘holding”’ 
data (figure 2) as that observed for . freudenreichii. 
The point that showed the greatest deviation 
(D = 0.0026) was based on extrapolation from only two 
experimental results (table 3). The poor reproducibility 
of results with S. thermophilus as compared to those 
with M. freudenreichii (see tables) undoubtedly con- 
tributed to the greater discrepancies. Since insufficient 
data were available to permit calculation of confidence 
limits for the “continuous-flow” results, the data for 
this species do not warrant a definite conclusion re- 
garding agreement between the two methods. 

The experimental results reported above are not in- 
consistent with an assumption that thermal resistance 
curves are straight lines when extrapolated beyond the 
range of experimental data. However, it should not be 
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assumed that a graph showing safe minimum-process 
relationships would also be a straight line. If it is not, 
the thermal resistance curve for a single microorganisms 
can not be expected to indicate safe minimum-process 
relationships at all lethal temperatures. 

A more reliable approach for establishing pasteuriza- 
tion standards would require rate of destruction curves 
for all disease- and spoilage-producing microorganisms 
that might be of critical importance in determining 
standards. In applying this approach, particular atten- 
tion would be given to those important microorganisms 
that might be present in large numbers and those that 
have high thermal resistance (high z and/or D values). 
D values at several temperatures would be determined 
from rate of destruction curves (preferably by a method 
comparable to method A) and z values determined 
from the D values. The present trend toward report- 
ing thermal resistance in terms of D and z values 
(Schmidt, 1954) facilitates direct comparison of the 
results for different microorganisms. 

The ideal objective of pasteurization would be com- 
plete destruction of important pathogens and certain 
defect-producing microorganisms. Theoretically, this is 
not attainable. Thus it is necessary to adopt for each 
important species an arbitrary tolerance of survival, 
selected with consideration of hazards to health and 
quality. One organism in many gallons of product 
might be the tolerance for a pathogenic species, while 
certain of the less-important spoilage species might be 
permitted a survival of several bacteria per ml. 

For each important species, probable maximum initial 
numbers that might be encountered would be deter- 
mined or estimated. The difference between the log of 
the probable maximum initial count and the log of the 
maximum number to be tolerated after treatment is the 
log of the “safe”? minimum population decrease. This 
value could be multiplied by the D value at any tem- 
perature to establish a ‘safe’? minimum time at that 
temperature. This process (time and temperature), 
along with the z value, would permit the plotting of a 
minimum-process graph for the microorganism (time 
on the log scale, and temperature on the arithmetic 
scale). Such a graph would be similar to a thermal 
death time curve, except that its position would be 
fixed by consideration of thermal resistance, probable 
maximum initial population, and the unavoidable 
tolerance of survival. 

A comparison of minimum-process graphs for all 


microorganisms that might limit pasteurization 


processes would indicate a “safe’’? minimum-process 
curve. This curve would not necessarily be a straight 
line. A hypothetical illustration of the manner in which 
three different pathogens might limit minimum proc- 
esses is presented in figure 3. The characteristics selected 
for the hypothetical microorganisms, A, B, and C, 
include the z values of Coviella burnetii (Enright et al., 
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Fic. 3. A hypothetical illustration showing a ‘‘safe’’ mini- 
mum-process curve limited by three different microorganisms. 
The broken line is drawn through the present pasteurization 
standards and extrapolated for comparison. The assumed 
characteristics for the hypothetical microorganisms are tabu- 
lated below. 


| Log of 


Hypo- Probable | F , “Cate”? 
theta Disp ; —Oe | , menu a cl 
Br ol Population | of Survival | oe 
min F 
A 5 s.1 | 10 | 10% 6 
B 3 9.5 108 10-5 8 
C 1 12.4 | 108 10-* 7 


1956), Brucella abortus (Foster et al., 1953), and Myco- 
bacterium tuberculosis (Ball, 1943), respectively, and 
approximate estimates of D values for these species. 
The probable maximum populations and arbitrary 
tolerances of survival were selected conservatively for 
purposes of illustration. No implication that they are 
reasonable is intended. 

M. tuberculosis often has been considered the patho- 
gen most likely to survive pasteurization. This may not 
be the case for processes involving temperatures higher 
than those now commonly used. Investigations may 
show that other pathogens have z values higher than 
the value of 12.4 F calculated for M. tuberculosis by Ball 
(1943). Ball calculated from the incomplete data re- 
ported in the literature several z values that were greater 
than 12.4 F. 

Two considerations suggest that the phosphatase test 
may be of little value as a criterion of adequate pasteuri- 
zation by no-hold and similar high-temperature proc- 
esses: The z value for the thermal destruction of phos- 


phatase is only about 8.7 F. Reactivation of phosphatase 
may occur during storage after milk has been pas- 
teurized at high temperatures (Wright and Tramer, 
1954; Litsky et al., 1954). 

Sufficient data are not available at present to estab- 
lish a “safe”? minimum-process curve at high tempera- 
tures. Until such data are available, ‘‘no-hold’” and 
similar high-temperature processes should require more 
severe treatments than those predicted from such 
criteria as destruction of phosphatase, destruction of 
test organisms having z values similar to that of a 
straight line drawn through the present pasteurization 
standards, and extrapolation of the present pasteuriza- 
tion-standards curve. 
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SUMMARY 


Thermal resistance of Micrococcus freudenreichii 
(MS66) and Streptococcus thermophilus was determined 
at temperatures of 139 through 151 F in a water bath 
by a “holding” procedure, and at temperatures of 165 
to 185 F by a “continuous-flow” procedure. The ‘“‘con- 
tinuous-flow”’ procedure involved the use of a small- 
tube laboratory pasteurization unit that permitted 
heating inoculated milks from 140 F to about 180 F in 
0.3 sec, holding for 0.13 sec, and cooling to below 140 F 
in 0.1 sec. 

D values for results obtained by the ‘“holding”’ pro- 
cedure were calculated by a graphic method (method A), 
which ignored any initial deviation from linearity in the 
rate of destruction curves; and by method B, based on 
the initial count and the time at a given temperature 
necessary to give a desired destruction (99.99 per cent 
for M. freudenreichii; 99 per cent for S. thermophilus). 
Merits of method A are discussed. The D values at 143 F 
for M. freudenreichii were 6.3 min and 8.4 min by 
methods A and B, respectively. Corresponding D values 
for S. thermophilus were 23.2 min and 24.7 min. 

The z values calculated for M. freudenreichii from D 
values obtained by methods A and B were 8.8 F and 
9.0 F, respectively. Corresponding z values for S. 
thermophilus were 6.9 F and 6.7 F. 

The D values calculated from data obtained by the 
“continuous-flow” procedure for M. freudenreichii at 
180 F agreed with the value predicted from the ‘“‘hold- 
ing’ data almost within the 95 per cent confidence 
limits of the “tholding”’ procedure. This agreement was 
without allowance for possible error in the ‘“‘continuous- 
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flow” data. The results increased confidence in the two 

procedures and in the method of evaluating the lethality 

of high-heat treatments, and indicated that the thermal 
resistance curve for 1/. freudenreichti may be regarded 

as a straight line up to at least 180 F. 

The D values calculated from data obtained by the 
“continuous-flow” procedure for S. thermophilus at 
174 F did not agree with the value predicted from the 
“holding” data within the 95 per cent confidence limits 
of the “holding” procedure. Possible reasons for this 
greater deviation from the predicted value are discussed. 

An approach to the construction of a safe’? minimum- 
process curve is outlined. A minimum-process curve 
could be used in the establishment of required standards 
for pasteurization by “no-hold” and similar high-tem- 
perature processes. 
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There are several types of contagion or surgical 
masks commonly used by physicians, nurses, and bio- 
ogical laboratory personnel to minimize the hazard of 
the transmission of airborne pathogenic microorganisms. 
4s part of a study in which the respiratory protection 
afiorded by various commercially available masks and 
respirators was evaluated, three representative types of 
contagion masks were included. Since contagion masks 
are so Widely used, the results of the evaluation of these 
masks should be of interest to personnel in the medical 
and biological fields. 


MATERIALS AND METHODS 


The three types of masks tested are shown in figure 1. 
Type A consists of a flexible aluminum frame to which 
is clipped a replaceable filter pad composed of a thin 
laver of absorbent cotton backed by a single thickness of 
gauze. It is held in place on the head by elastic straps 
attached to the frame. Type B is a typical tie-on surgi- 
cal mask with 4 thicknesses of gauze serving as the 
filter medium. The third mask, Type C, 
single sheet of wax-impregnanted paper which is held 


consists of a 


on the head by elastic loops which are placed around 
the ears. 

The efficiency of the filter material used in each of the 
three types of masks was determined by exposing it to 
an aerosol of Bacillus subtilis var. niger (often called 
Bacillus globigii) spores. This bacterium is nonpatho- 
genic and its spores are oval in shape with a particle 
size of about 0.8 x 1.2 yu. The efficiency tests reported 
here were conducted by placing a sample of the material] 
ina specially designed holder which allows an area of 
13 cm? to be exposed to the test aerosol. The holder 
with the mask material in situ was placed inside an 
aerosol chamber consisting of a plastic sphere with a 
volume of 120 L. The aerosol was generated from an 
aqueous suspension of B. subtilis var. niger spores by 
means of a Vaponefrin? nebulizer and was introduced 
into the sphere through a glass tube. A relative humidity 
of approximately 50 per cent was maintained in the 
chamber. The filter material was then challenged by 
drawing the aerosol through it by means of a vacuum 
source. Any spores penetrating it were collected by a 


cotton collector which served as a tandem sampler. 


' Present address 
Massachusetts. 
* The Vaponefrin Co., Upper Darby, Pennsylvania. 


Monsanto Chemical Company, Everett, 


This sampler consists of a glass tube containing ab- 
sorbent cotton as the collecting medium (figure 2). 
After a 5-min sampling period, the cotton was asep- 
tically removed from the sampler and placed in a bottle 
containing a known volume of sterile water. The con- 
tents were agitated by means of a mechanical shaker 
for 10 min in order to resuspend the spores. The number 
of spores collected was then determined by standard 
bacteriological procedures. For control purposes, the 
challenge aerosol was sampled simultaneously by 
means of another cotton collector. Since both the total 
penetration and the average concentration of the chal- 
lenge aerosol were known, the per cent efficiency of the 
filter material could be determined. 

Since this test does not take into account peripheral] 
leakage which may occur when the masks are worn, 
other tests employing human subjects were conducted 
in order to determine the over-all mask efficiency. In 
these tests, the challenge aerosol of B. subtilis var. niger 
spores was contained in a room where the temperature 
and relative humidity could be controlled. The mass 
median diameter (as defined by Sonkin, 1950) of this 
aerosol was determined to be 2.1 yw by using a 4-stage 
cascade impactor. Moreover, 99.15 per cent of the 
particulates were between 1.0 and 5.0 yu in diameter. 

Four subjects were used to wear the test masks at a 
sedentary work rate. A specially designed mouth col- 
lector was used to collect the spores penetrating the 
masks (figure 3). It consists of a rubber mouthpiece 
which contains a metal cartridge packed with absorbent 
cotton to a known resistance and over which the masks 
are placed. Each subject was instructed to inhale 
through his mouth and exhale through his nose so that 
the inspiratory air could be sampled by the mouth 
collector. The masks and collectors were fitted on the 
subjects in a room supplied with filtered air which was 
located near the room containing the challenge aerosol. 
Negative pressure was maintained in the latter room. 
The test was designed so that each subject wore each 
of the thee types of masks two different times in the 
aerosol room. Each exposure period was for 10 min. 
At the end of each period, the cotton was aseptically 
removed from the cartridge and placed in a sterile 
water blank. The number of spores retained by the 
cotton was determined by the procedure described 
previously in this paper. A continous sample of the 
challenge aerosol was taken during the test period. The 
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Fic. 2. Cotton collector, assembled and disassembled 
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Fic. 3. Mouth collector, assembled and disassembled 


per cent efficiency of the masks tested was calculated 
on the basis of an assumed breathing rate of 10 L. 


per min. 


RESULTS AND DISCUSSION 

The results of the tests on the filter material used jy 
sach of the three types of masks are given in table |. 
They show that each medium is relatively inefficient, 
Table 2 shows that somewhat erratic results were gb. 
tained when these contagion masks were worn by the 
subjects. This was due mainly to the very poor periph. 
eral fit around the nose and chin. The average efficiency 
of one of the types of masks was only 17.6 per cent. 
while the efficiencies of the other two types averaged 
38.0 and 39.6 per cent. Although the test conditions 
were not identical, the difference between the results 
of the two tests indicates that maximum mask eff- 
ciency is dependent upon an adequate peripheral fit as 
well as efficient filter material. 

A comparison of the efficiencies of these three types 
of contagion masks with those of three representative 
types of commercially available dust respirators and 
industrial special-purpose masks, respectively (Guyton 
and Lense, 1955) is given in table 3. This latter group 
of masks are full-face masks designed for use in heayy 


TABLE 1. Aerosol filtration tests on filter material in 
contagion masks 


Per Cent Efficiency of Filter Material for Masks* 
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Trial 
Type A Type B Type C 
1 55.8 50.0 55.5 
2 41.9 43.5 58.3 
3 47.6 34.6 59.1 
=< — “see «6 Poses 
peters ‘ 97 57 6 2 
I 55 es Ried 48.4 42.7 07 6 organisn 
* Flow rate: 16 L air per min; area of exposure: 13 cm*, | 'eportec 
Microco 
‘ TABLE 2. Subject tests on contagion masks eureus). 
Per Cent Efficiency of Mask* forming 
Subject Trial om : on 
Type A Type B Type C reportet 
= = aes | bacteris 
I 1 35.0 1.0 39.3 “ 
Sis , ates (1 
2 16.2 19.4 30.4 
II 1 41.9 5.7 59.8 § tween 
2 14.3 5.8 57.3 steriliz: 
9 F&F ‘ Cc ° 
Ill 1 62.5 42.0 ey. 
2 54.3 59.0 6.18 
IV 1 37.5 6.8 41.9 d 
2 42.5 1.2 25.9 | telativ 
—_—_____ ee ee ee —f 1956) 
Average os 38.0 17.6 39.6 eathod 
* Assumed breathing rate: 10 L air per min. In \ 
visal yh 
TaBLE 3. Efficiencies of typical commercial protective mask spectr 
Per Cent Efficiency for Three Types* radiat 
Type er ae ee 7 - - 
Contagion masks __ Dust respirators Industrial masks J 2” to 
on ee ere eee = mined 
A 38.0 97 .35 99 .902 B iti 
B 17.6 99.97 99.9998 | ti 
Cc 39.6 99.92 99.9993 SUrvn 
- ——— a - > 1946; 


* Assumed breathing rate: 10 L air per min. 
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ndustries. Dust respirators are normally employed 
sherever abnormal concentrations of dusts are en- 
«ountered, such as in coal mines. These respirators have 
, very low resistance to breathing and could be readily 
ysed in hospitals and medical or biological laboratories. 
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SUMMARY 


The method used in evaluating the respiratory pro- 
tection provided by representative types of contagion 
masks against an aerosol of Bacillus subtilis var. niger 
spores has been described. 
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It can be concluded that the contagion masks evalu- 


ated offer poor respiratory protection against airborne 
microorganisms in the particle size range of 1.0 to 5.0 u 
in diameter. 


Commercially available dust respirators and related 


masks are approximately 2.5 to 5 times more efficient 
than contagion masks. An even higher degree of pro- 
tection can be obtained by the use of full-face masks. 
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Doses of cathode rays required to inhibit micro- 
organisms, under various cond.tions of test, have been 
reported by others. Dunn et al. (1948) irradiated 
Micrococcus pyogenes var. aureus (Staphylococcus 
aureus), Escherichia coli, Serratia marcescens, a spore- 
forming bacillus, yeasts and a fungus. Dunn (1952) 
reported doses required to kill 30 species including 
bacteria, yeasts and fungi. Katznelson and his associ- 
ates (1952) studied the quantitative relationship be- 
tween number of organisms and dose required for 
sterilization of honey. Studies with a common con- 
taminant, Micrococcus pyogenes var. aureus (S. aureus), 
were reported by Bellamy and Lawton (1954). The 
relative resistances of yeasts and molds (Bridges et al., 
1956) and bacterial spores (Pepper et al., 1956) to 
cathode rays have been reported from our laboratories. 

In view of the few data available, it was deemed ad- 
visable to establish relative resistances for a broad 
spectrum of nonsporeforming organisms to cathode 
radiation. Differences in resistances between 24-hr and 
)- to 7-day cultures of several species were also deter- 
mined. 


It is well known that following ionizing radiation the 


} Survival of a mass population is exponential (Lea, 
-F 1946; Baecq and Alexander, 1955). This fact suggested 





that the sterilizing! dose may be dependent upon the 
concentration of cells. Therefore the relationships be- 
tween sterilizing dose and cell concentration as well as 
sterilizing dose and volume of the suspension were 
investigated. Since it had been observed that more 
concentrated suspensions required higher sterilizing 
doses, it was also of interest to determine the limits of 
this correlation. 


MATERIALS AND METHODS 


The test organisms were various species of non- 
sporeforming bacteria which have been maintained in 
our laboratory for several years. For these experiments, 
organisms were grown in 10 ml of their optimum liquid 
media. The majority of the cultures were incubated at 
37 C (Leuconostoc at 25 C) for 18 to 24 hr. Pneumococci, 
streptococci, micrococci and sarcina required 48-hour 
incubation for maximum growth. A 10-day culture of 
Mycobacterium tuberculosis was employed. After in- 
cubation, cells were washed twice by centrifugation and 
resuspended in distilled water to the original volume. 
Prestandardization of numbers of viable cells per a unit 
volume of suspension proved extremely difficult and was 
not attempted. When possible, the number of viable 


1 The term “‘sterility’? here denotes inability of the micro- 
organisms to reproduce under these conditions of test. 
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cells in the prepared suspension was determined for 
comparison and interpretation of experimental results. 

To study the relative resistances of bacteria, sterilized 
filter paper discs* were saturated with 0.1-ml aliquots of 
a suspension. Triplicate discs for each organism-dose 
were placed in double polyethylene envelopes*® and 
hermetically sealed. The envelopes were then exposed to 
cathode rays. After irradiation the outside envelopes 
were chemically disinfected and the discs aseptically 
transferred to recovery media. The recovery media em- 
ployed were those known to be optimal for growth of the 
organisms. The majority of tests were incubated fcr 21 
days at 37 C; Leuconostoc was incubated at 25 C. 

In another series of experiments, a special medium 
(Krask, 1953) was employed to inhibit production of 
bacterial spores in order to compare the resistances of 
vegetative cells of two organisms of the Bacillus genus 
with their respective spores. 

For studies dealing with the relationships between 
sterilizing dose and cell concentration and between 
sterilizing dose and volume, bacterial and spore suspen- 
sions were put into glass tubes* and the tubes sealed. 
The tubes were irradiated with various doses and the 
contents tested for sterility. 

For the studies of the radiation doses required to 
sterilize concentrated bacterial suspensions, 0.1-m] 
aliquots of serially diluted suspensions of washed F. coli 
cells were streaked onto agar (2 per cent Bacto ager in 
distilled water) plates. This procedure provided a thin 
layer of inoculum. After irradiation of the open plates 
at various doses, a thin layer of nutrient agar was 
poured over the surface. Colonies of survivors, which 
appeared between the two agar layers following incu- 
bation for 48 hr at 37 C, were counted and survival 
curves drawn. 

A two million electron volt Van de Graaff accelerator® 
was employed as the source of cathode rays. 


RESULTS AND DISCUSSION 


Relative resistances. The resistances of a group of 
gram positive bacteria are shown in table 1. In general, 
gram negative bacteria were less resistant than gram 
positive bacteria, as shown in table 2. 

Some types of Diplococcus pneumoniae were found to 
be the most resistant of the nonsporeforming bacteria. 
Other encapsulated organisms failed to exhibit the same 
degree of resistance. This observation would indicate 
that the conspicuously high resistance of D. pneumoniae 

2 Schleicher & Schuell Co., Keene, New Hampshire. No. 
740-E, diameter 12.7 mm. 

3 Fabricated from commercially 
tubing with a wall thickness of 5 mil. 


* Sodium glass O.D. 11 mm, length 100 mm and wall thick 
ness 1 mm. 


available polyethylene 


5 Built by High Voltage Engineering Corporation, Cam 
bridge, Massachusetts. 
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TABLE 1. Resistances of gram positive bacteria 


Lowes: 
Highest | Dog 


Dose  Showir 
Organism Cells/m1 | Showing | All 
All | Nega 
Positive tiv 
Cultures) Cy) 
tures 
megarep* megares 
I-12 Micrococcus pyogenes var. 
aureus : 1 X 10° 0.05 | 0.15 
K-20 Alcaligenes ammoniagenes 2.7 XK 10% 0.125 | 0.15 
-54 Diplococcus pneumoniae (1) 0.3 0.4 
I-55 Diplococcus pneumoniae 
(II1) 0.4 0.5 
K-21 Sarcina lutea >1 X 10% 0.1 0.4 
I-13 Micrococcus pyogenes var. 
albus 0.025 0.05 
K-14. Micrococcus conglomeratus ' 0.2 
hi-4 Corynebacterium acnes 2.5 X 10% 0.1 0.2 
K-15 Micrococcus pyogenes var. 


aureus (hemolyticus) 0.05 0.15 
I-17 Streptococcus sp. (Lancefield 


hemo. streptococcus) 0.15 | 0.3 
-29 Streptococcus pyogenes 9.2 KX 10°\ 0.15 | 0.3 
I-36 Corynebacterium acnes 0.1 ().2 
I}-102 Diplococcus pneumoniae (1) 0.3 0.4 
-103 Diplococcus pneumoniae 
(II) ().25 0.4 
E-104 Diplococcus pneumoniae 
(IIT) 0.4 0.45 
E-105 Diplococcus pneumoniae 
(IV) 1.6 X 10° 0.3 0.45 
I-61 Leuconostoc mesenteroides 3.9 XK 107 0.1 
I-64 Leuconostoc mesenteroides 5.2 x 106 0.1 
3-67 Leuconostoc dextranicum 9 & 106 0.) 
k-79 Leuconostoc dertranicum 3.4 X 108 0.1 
I-71 Alcaligenes viscosus 0.1 
* Megarep = 1 million reps (Roentgen equivalent physica 
units). 


TABLE 2. Resistances of gram negative bacteria 


Highest Lowest 

Dose Dose 

Organism Cells ‘ml — — 

Positive Negative 

Cultures Cultures 

megarep* megarep 

I-38 Escherichia coli... 2X 10° 0.05 0.075 

E-39 Pseudomonas aeruginosa 1.26 & 10° 0.025 

K-24 Proteus vulgaris 0.025 0.050 

E-28 Salmonella typhosa ().025 
E-35 Salmonella schottmuelleri 0.075. 0.1 
E-63 Serratia marcesens 0.08 
E-1 Escherichia coli 0.05 0.15 
E-18 Pseudomonas aeruginosa 2 X 108 0.25 
E-26 Klebsiella pneumoniae 1.1 X 108 0.1 0.2 
E-87 Klebsiella pneumoniae 4X 108 0.075 0.15 
E-107 Aerobacter aerogenes 3.25 X 108 0.05 

E-82 Bacteroides vulgatus ().025 

E-83 Bacteroides ovatus = 0.025 


*1 Megarep = 1 million reps. 


among nonsporeforming bacteria is not due to the pro- 
tection rendered by the rich capsule material. 

Lea et al. (1937) interpreted the killing of bacteria asa 
“lethal mutation, produced by a single ionization within 
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a sensitive volume,” which they tentatively identified E. cou 
Lowes with chromosomal material. According to their view, 
Ose : 3 = ‘ ‘ 5 
Shovis | the exceptionally high resistance of D. pneumoniae mae: as 
: I %; ° xi L é 20 ML 
New could be explained by assuming an unusually small 
ive . . 
hind physical size of chromosomes or genes. — es 
It will be seen in table 3 that bacterial spores of a = 
Megares ' - . 
“11 given species are more resistant to cathode rays than hs 2x10 | : 
O15 | are their respective vegetative cells. N 
ab) a a . ; < lyr ; N 
0.15 The effect of age of cells on resistance to radiation of ly 
0.4 a number of cultures of various species was studied. ad 
Three representative studies are shown in table 4. It 
0.5 
‘a will be noted that the cells from old cultures were less 5 a 
esistant than were cells from young cultures. Fewer 
. ; oo : MEGAREPS 
0.0; | viable cells were present in the older preparations. It is 
dificult to determine from these data whether age of 
C. SPOROGENES 
0.2 7 cells or differences in number of viable cells was responsi- : SPORES 
ble for the differences in doses required to sterilize. pom 
0.15 Sra ee . ? : 10% “20m 
Sterilizing dose as a function of cell concentration and 
0.3 | volume of cell suspension. The results of two experiments 
0.3 | employing F. coli and Clostridium sporogenes spores are S 
U.2 shown in figure 1. In both instances, when the volume \ 08h 
0.4 : 3 - 
of suspension remained constant and the concentration C 
0.4 | of bacteria or spores increased, higher doses were re- & 
quired to prevent multiplication. When the cell concen- N io? 
0.45 | tration remained constant, a larger volume required an " 
0.45 . l . - ? 
1 TABLE 3. Relative resistances of vegetative cells and si oe ss "3 7 
). a y f . : > 
01 spo és oO} Sanne organism MEGAREPS 
0.1 Se ae Fic. 1. Radiation dosage required tosterilize is a function of 
. ighes owes 2 
0. Dose Show- Dose Show- cell concentration and volume of suspension. 
01 Organism Cells/ml ing All ing All 
Positive Negative 
Cultures Cultures a COL / 
vsica F ee 
megarep megarep ” lex sQ'? 
Bacillus mesentericus = /0¥ aoa 
Vegetative cells 2.1 X 10! 0.3 
Spores 5 05 2 
eRe Spore ce > xX 10 1.3 1.8 LS 
Dose Bacillus species (F:-594 ly 
non | Vegetative cells 19% 10% 0.05 0.5 Q 
egative Spores 5 05 7 2.0 
ultures pant xX I . re 
egarey *] Megarep = 1 million reps. Q 
). 075 ~ 
). 025 TABLE 4. Resistance as a function of culture age and ~ 
). 050) cell concentration SS 
) 25 
02 Highest Lowest 2) 
3 Dose Dose 
. . } Showing howi £ 
05 Organism Cells/ml ory " All Y 
15 Positive Negative 9 
3 Cultures | Cultures ~J 
2 megarep* megarep . 
15 Streptococcus pyogenes hemo- 7 
05 lytic) + , piagine: P 
025 24 hr 9.2108 0.15 0.3 BP a ae ae ae ee 
025 7 days 3.7 X 105 0.05 0.16 
Diplococcus pneumoniae (1V MEGAREPS 
- : . ‘ e “1G. 2. Maximum radiation dose required to sterilize irre- 
24 hr 16X10 0.3 0.45 Fic. 2. M liation d juired I 
5 days 1.2 x 105 0.1 spective of increased concentration of cells. 
pro- Leuconostoc dertranicum > I ] > hi h ] . c “15 ; on 
24 } rere ~ appreciably higher dose to sterilize than did a smaller 
«t+ hr 3. ° ; eae, Ls ‘ s 
i Sa 27% 10? 0.08 0.05 volume. Similar results were obtained with the spores of 
asé ( days 2.4 O02: 0% 3 ns ; : pi 
chin Bacillus subtilis, Bacillus mesentericus and Clostridium 
i . 
* 1 Megarep = 1 million reps. tetant. 
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Limits of sterilizing dose as a function of cell concen- 
tration. When the cells of E. coli were irradiated in 
various concentrations on agar plates, the survival 
patterns shown in figure 2 were obtained. A highly 
concentrated suspension provided a cell count of 
2 X 107'°/ml. At a higher concentration, the suspension 
was too thick to permit pipetting. The survival rate in 
the highly concentrated sample decreased sharply as the 
dose increased. It appears that when the cell concentra- 
tion exceeded a certain limit no greater doses were 
required to attain sterility. 
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SUMMARY 


Representative species of nonsporeforming bacteria 
were exposed to cathode rays generated by a two 
million electron volt (MEV) Van de Graaff accelerator. 
The doses required to effect sterility of various organ- 
isms under these conditions of test are reported. All non- 
sporeforming bacteria tested were susceptible to doses 
of 0.5 megarep or less. Gram negative bacteria were 
more sensitive to irradiation than gram positive. The 
most resistant species tested was Dzplococcus pneu- 
moniae. Vegetative cells of bacterial sporeformers were 
more sensitive than their respective spores. 

When the volume of suspension was constant, an 
increase in concentration of cells or spores required 
higher radiation doses for sterilization. When the 


[VoL. 4 


volume was increased and the concentration of cells or 
spores remained constant, a higher dose was also re. 
quired. When the cell concentration of Escherichia coli 
exceeded certain limits, no greater doses were required 
to attain sterility. 
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During the past few years considerable interest has 
been expressed in the lethal effect of cathode rays on 
microorganisms as a means of sterilization of food and 
pharmaceutical preparations. Investigations utilizing 
cathode rays have been reported by Dunn et al. (1948), 
Dunn (1952), Proctor and Goldblith (1952), Edwards 
etal. (1954), Koh et al. (1956) and Pepper et al. (1956). 

In the present study a two million volt, vertically 
mounted, Van de Graaff electron accelerator! capable of 
delivering 250 wa was used to determine the relative 
resistances of a number of yeasts and molds to cathode 
rays. Studies were also made to determine the effect of 
numbers of cells on the sterilizing dose and the effect 
of addition of cysteine to cultures of yeast. 


MATERIALS AND METHODS 


Relative resistances. The yeasts studied were grown in 
mycophil broth (BBL) for 72 hr at 25 C. Cell suspen- 
sions were prepared by centrifugation and washing and 
resuspension in distilled water. Cell counts were made 
on mycophil agar (BBL). 

The penicillia species investigated were grown in 
Sabouraud’s liquid medium (modified) for 10 days at 
25 C and the pellicles homogenized in a Waring blendor. 
The suspensions were washed with distilled water, 
sedimented by centrifugation and resuspended in 
distilled water. 

The aspergilli species investigated were prepared for 
irradiation by two procedures. One series of tests was 
made with whole cultures prepared by the method out- 
lined for the penicillia. A second series was made using 
spores washed with 0.01 per cent Triton X-100 with the 
aid of glass beads from surface colonies grown on my- 
cophil agar in Roux bottles at 25 C for 10 days. The 
suspensions were washed twice by centrifugation with 
the Triton solution, resuspended in it and stored at 4 C. 

The surface of absorbent filter paper discs? was 
impregnated with 0.1 ml of an organism suspension. 
Triplicate dises were prepared for each organism-dose 
investigated. The moist discs were aseptically transfer- 


‘Built by High Voltage Engineering Corporation, Cam- 


bridge, Massachusetts. 


? Schleicher & Schuell Co., Keene, New Hampshire. No. 


740-6, diameter: 12.7 mm. 
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red to sterile double packets, fabricated from 5 mil 
polyethylene and heat sealed. 

After irradiation, the packets were submerged in a 1 
per cent formalin solution for 18 hr to disinfect the 
outer surfaces. The packets were opened and each disc 
transferred to 10 ml of mycophil broth and incubated 
at 25 C for 21 days. 


TABLE 1. Resistances of yeasts and molds 





| Highest | Lowest 
_Dose lose 
Organism — | — 


Positive | Negative 
| Cultures | Cultures 





| megareps* | megarep 


Saccharomyces ellipsoideus................. O6 | 07 
Saccharomyces fragilis.....................- | 0.7 | 0.9 
Saccharomyces cerevisiae.................... 0.8 | 0.9 
Schizosaccharomyces octosporus............. 0.2 | 0.5 
TOV ULE TONNE Os lies, id Mviienis| baie ee edi | 0.3 | 0.5 
DOPMMNOMMOI OES. 5:5 8 oo 2 ais ates peas ees. | 26 
DOP MARIN GOOD oe e corel coareeacroviae Gok 0.3 | 0.5 
Cryptococcus neoformans.................. 0.8 0.9 
ON ON ee ee ne ee 0.8 | 1.0 
CEE NE co aoacs gob enero kee adaseens 0.95 1.15 
Candida parakrusei............ ee eee eae ha 1.9 
CORGIDG NONI EN OE ooo 5 ade oie ee ne Se 0.4 | 0.6 
Penicillium camemberti.............. 0.06 0.14 
Pénscslléum notatum: .. oo... 06. ean ee 0.16 0.22 
Aspergillus niger (spores).............. 0.3 0.32 
Aspergillus niger (whole culture). 0.24 0.4 
Aspergillus versicolor (spores).......... 0.16 0.36 
Aspergillus versicolor (whole culture)... 0.22 0.3 
Aspergillus fumigatus (spores)............ 0.12 0.22 
Aspergillus fumigatus (whole culture). .... 0.26 0.38 
Aspergillus flavus (spores)........... ” 0.24 0.3 
Aspergillus oryzae (spores)................ 0.1 0.22 
Aspergillus fischeri (spores)................ 0.16 0.34 
Aspergillus terreus (spores)............... 0.2 0.3 
0.06 0.14 


Aspergillus glaucus (whole culture)... 





* Megarep = 1 million reps. 


Effect of numbers. Suspensions of two yeasts, Candida 
parakrusei and Candida tropicalis, were prepared by the 
outlined procedure. Cell counts of each suspension 
were made on mycophil agar plates. Each suspension 
was diluted logarithmically and discs prepared for 
irradiation as previously described. 

The effect of cysteine. Two yeasts, Candida albicans and 
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MEGAREPS 
Fia. 1. Radiation dosages required to sterilize are a function 
of numbers of cells exposed. 


C. parakrusei, were cultivated in mycophil broth con- 
taining 0.01 molar oyeietne hydrochloride on a rotary 
type shaker at 37 C for 7 
as above. 


2 hr. Discs were impregnated 


RESULTS 

Relative resistances. Results of studies of the relative 
resistances of the yeasts and molds investigated indicate 
the yeasts have higher resistances to cathode rays than 
the molds investigated (table 1). Repeated tests of 
many of the species gave consistent results. 

Effect of numbers. Suspensions of Candida parakrusei 
and Candida tropicalis were diluted logarithmically and 
put onto discs for irradiation. The survival curves for 
each organism are shown in figure 1. These results indi- 
cate that the resistance of a given species is related to 
the number of cells present during irradiation. Consider- 
able variation in resistance between the two species 
was observed. 

The effect of cysteine. An experiment was designed to 
determine whether cysteine hydrochloride, incorporated 
in the broth used for cultivation of the yeasts, would 
provide radiation protection and increase the resistances 


TABLE 2. Effect of cysteine on relative resistances 


Highest Lowest 
Dose Show-| Dose Show- 
Organism ing All | ing All 
Positive Negative 
Cultures Cultures 
megareps* megareps 
Candida albicans with cysteine. . None 0.7 
Candida albicans without cysteine 0.6 0.8 
Candida parakrusei with cysteine \ 2 
Candida parakrusei without cysteine . 2 


* Megarep = 1 million reps. 


BRIDGES, J. P. OLIVO AND V. I 


.. CHANDLER [von, 4 
of two species of Candida. Suspensions of C. albicans 
and C. parakrusei were investigated. The results ob. 
tained are shown in table 2. There appears to be no jp. 
crease in resistance in cells cultivated with 0.01 molar 
cysteine hydrochloride. 


CONCLUSIONS 


The results of the present studies on the relative re. 
sistances of yeasts and molds to cathode rays have cop. 
firmed the findings of Dunn et al. (1948) and Dunn 
(1952) with species of Aspergillus, Penicillium and 
Saccharomyces. These investigators reported the lethal 
dose of cathode rays for the Aspergillus species to be 
approx 300,000 reps (Roentgen equivalent physical 
units), for the Penicillium species approx 200,000 reps, 
and for Saccharomyces cerevisiae approx 600,000 reps. 

In our investigations also, the yeasts were found to 
have a higher resistance than the filamentous fungi in- 
vestigated. Of the yeasts investigated, species of 
Candida required somewhat higher dosages for destruc- 
tion than did other genera; the most resistant was (, 
parakrusei, which withstood radiation dosages of 1.8 
million reps. This is of the order of the resistance ex- 
hibited by bacterial spores investigated by Pepper et al. 
(1956). The yeasts, other than Candida, and fungi 
appear to be somanelant more resistant to irradiation 
than are the vegetative cells of nonsporeforming bac- 
teria reported by Koh et al. (1956). 

A definite correlation was found to exist between the 
number of cells and irradiation resistance both by 
Pepper et al. (1956), working with bacterial spores, and 
by Koh et al. (1956), working with cells of nonspore- 
forming bacteria. In our investigations with ( 
kruseti and C. 
found. 


. para- 
tropicalis, the same oueveleitiotn was 
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SUMMARY 


A method for determining the relative resistances of 
yeasts and molds to the lethal effects of cathode rays 
has been described. The yeasts were found to be more 
resistant than molds. Species of Candida were found to 
have resistance comparable to that of bacterial spores. 

A correlation was found to exist between the number 
of cells and survival dose for two species of Candida. 

The addition of 0.01 molar cysteine hydrochloride 
did not increase the radiation resistances of two species 
of Candida. 


The yeasts and molds investigated were, in general, 
considered moderately resistant when compared with 
the resistances of vegetative cells of nonsporeforming 
bacteria and bacterial spores reported by other in- 
vestigators. 
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Previous communications from this laboratory have 
described the resistance to cathode rays of vegetative 
bacterial cells and various yeasts and fungi. 

The present report concerns studies on the resistance 
tocathode rays of spores from numerous identified and 
unidentified species of bacilli. The lethality response as 
affected by number of spores in an exposure and their 
physical state at the time of exposure was studied. 


TABLE 1. Fortified brain-heart infusion agar 


Components Amount 
Bacto peptone... : 10 ¢g 
Dextrose..... ; 8¢g 
Yeast extract. . 10 g 
Sodium thioglycollate lg 
OY ; : l5¢g 
Brain-heart infusion (Difco) 50 g 
Distilled water 1000 ml 


pH 7.2. 


The response of cathode ray resistant isolates to 
subsequent irradiation was also studied. 

During these investigations the question arose as to 
whether the presence of a large quantity of bacterial 
cells in a suspension would have a sparing effect on 
some of the species of spores studied. Experiments were 
designed to explore this possibility. 


MATERIALS AND METHODS 


Aerobic spores. The majority of aerobic spores were 
produced on trypticase soy agar (BBL); nutrient agar 


(BBL) was employed for sporulation of unidentified 
bacilli, E-594 A, B and C. Cultures were incubated for 
6 days at 37C, harvested and washed twice with 
distilled water. 

Anaerobic spores. For all but two Clostridium species, 
spores were produced on fortified brain-heart infusion 
agar (table 1). Sporulation of Clostridium novyi and 
Clostridium aerofoetidum was accomplished in cooked 
meat phytone (BBL). Anaerobic cultures were incu- 
bated for 6 days at 37 C in an atmosphere of helium 
(Bridges et al., 1952). 

Spores produced on agar were harvested by simple 
rinsing from the surfaces. Spores in cooked meat 
phytone were separated by filtration through cheese- 
cloth followed by centrifugation at 300 rpm for 5 min 
to sediment gross particles of the medium. Subsequent 
centrifugation at higher speeds and washing twice in 
distilled water provided suspensions for storage at 4 C. 
Numbers of viable spores were determined by plate 
counts prepared with aliquots which had been heated to 
80 C for 15 min and incubated at 37 C, 1 to 2 days for 
aerobes and 3 to 5 days for anaerobes. 

Radiation. The relative resistances of bacterial spores 
to cathode rays were determined with suspensions con- 
taining 5 X 10° viable spores per ml. One-tenth-ml 
aliquots of a suspension were transferred to filter 
paper discs' for each irradiation dose investigated. 
The 4 replicate discs were inserted in double sterile 


1 Schleicher & Schuell Co., Keene, New Hampshire. No. 
740-E, diameter 12.7 mm. 
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polyethylene? envelopes, hermetically sealed and ex- 
posed to the cathode beam. After irradiation, the 
packets were chemically disinfected for 18 hr. Dises 
impregnated with aerobic spores were transferred to 
trypticase soy broth and those impregnated with 
anaerobic spores to fluid thioglycollate medium | 
(U.S.P.) containing 0.1 per cent soluble starch. 

To study the relationship of numbers of spores and the 
radiation dosage necessary to sterilize® such an inoculum, 
suspensions of 2 unidentified Bacillus species (H-588 
and E-601) were logarithmically diluted. One-tenth-ml 
aliquots were transferred to discs which were packaged, 
irradiated and subcultured as described above. 

Studies of the effect of physical state on radiation 
resistance were made with Bacillus pumilus. Discs were 
impregnated with spores and then treated so that the 
spores were in either a moist, frozen or dried condition. 
For determination of resistance of moist spores, discs 
were packaged in double envelopes which were immedi- 
ately sealed and irradiated. To obtain irradiated frozen 
spores, impregnated discs, sealed in envelopes, were 
stored for 1.5 hr in dry ice and irradiated while frozen. 
Controls, treated similarly, were thawed just prior to 
irradiation. The resistance of dried spores was deter- 
mined by drying impregnated dises at 37 C for 18 to 24 
hr prior to packaging and irradiation. Control samples, 
similarly dried, were hydrated immediately prior to 
packaging and irradiation. 

Evaluation of possible protection afforded by con- 
tamination with a large quantity of bacterial cells was 
accomplished by adding aliquots of a spore preparation 
of Bacillus pumilus containing 1 X 10° per ml to an 
equal quantity of a concentrated aqueous suspension of 
viable Escherichia coli. Discs were impregnated with the 
mixture, packaged and irradiated in the moist state. 
Controls, similarly prepared, consisted of equal numbers 
of spores suspended in distilled water. 

Progeny of irradiated spores were obtained from B. 
pumilus and Clostridium sporogenes spore populations 
which had survived maximum sublethal irradiation 
doses. Spores of the progeny were produced and 2-ml 
aliquots, containing 1 X 10° spores per ml, were placed 
into 100- by 11-mm glass tubes and sealed for irradi- 
ation with various doses. Suspensions of spores from the 
parent strain were similarly prepared. Following irradi- 
ation, aliquots were transferred to agar plates and inecu- 
bated at 37C. Plates inoculated with B. pumilus were 
examined after 1 to 2 days’ incubation; those with C. 
sporogenes after 4 to 5 days. Survival curves of parent 
and derived (R) strains were plotted. By irradiating R 
strains, other derivative (RR) strains were obtained. 

2 Thickness: 5 mils. 

* Sterility here denotes the inability of the microorganisms 
to reproduce under these conditions of test. 
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TABLE 2. Resistances of bacterial spores 
, ine Sty roy ll 
Spores cf ing All ing All 
| Positive Negative 
Cultures | Cultures 
| megareps* | megareps 
b-3 Clostridtum tetant............. | 1.5 | 21 
1-95 Bacillus pumilus | 2.3 | 
15-601 Bacillus SPecies ... .... 6c ci cece | 2 | oo 
I-594B Bacillus species................. | 12 | 26 
B-504C Bacillus species.................. 1.0 | 139 
E-40 Bacillus mesentericus........ Ades 1.8 
16-58 Clostridium sporogenes a | is 1.7 
1-93 Bacillus subtilis. cate | ba. 7 1.6 
1-53 Clostridium aerofoetidum 1.0 1.6 
1)-587 Clostridium species 1.0 1.5 
-2 Bacillus subtilis... . 1.3 1.5 
i-594A Bacillus species. . 1.3 1.5 
h-44 Clostridium sporogenes 1.0 1.4 
1-86 Clostridium tetant. 1.0 1.4 
10-42 Clostridium novyi . 1.1 1.4 
1i-603 Bacillus species. 1.2 1.4 
1-599 Bacillus species. . 1.0 1.4 
1-608 Bacillus species La 1.4 
}-606 Bacillus species. . 1.0 1.3 
I-5 Bacillus species... . “18 | 44 
Io-8! Bacillus coagulans. . | <i 1.2 
15-9: Bacillus subtilis. . | <1.0 1.2 
1-627 Bacillus species. . . as | 
. E-5838A Bacillus coagulans oh 0.5 | 1.0 
Ii-626 Bacillus species...... ive 0.4 | 0.6 
* 1 Megarep = 1 million reps. 
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MEGAREPS 


Fic. 1. Radiation dosages required to sterilize are a function 
of numbers of spores exposed. 


RESULTS 


Relative resistances. The radiation dose required to 
sterilize discs impregnated with the bacterial spores 
tested varied from 0.6 megareps to 2.1 megareps (table 
2). It was not possible to demonstrate that the clostridia 
were more resistant than the bacilli. 

Effect of numbers of spores. As the concentration of 
spores increased, larger doses of cathode rays were 
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moist, frozen and dried states are shown in figure 2. 
Freezing or drying per se apparently did not affect the 
sensitivity of the spores to irradiation effects since 
survival patterns of the 2 control preparations, which 
were thawed or hydrated just prior to irradiation, were 
similar to that of the spores irradiated in the moist state. 
Spores irradiated in the frozen state were somewhat 
more susceptible to cathode rays; most sensitive were 
spores irradiated in the dry state. Similar results with 
dried spores were obtained in other studies when the 
drying period was extended from 1 to 2 days. 

Effect of contamination with a large quantity of bac- 
terial cells. A concentrated suspension of viable EF. coli 
cells failed to protect spores of B. pumilus from lethal 
effects of cathode rays as shown in figure 3. EF. coli 
survived none of the radiation doses. 

Resistances of progeny of irradiated spores. Spores 
produced by radiation-resistant survivors of B. pumilus 
and C. sporogenes were found not to differ from their 
parents in their radiation resistance. When spores from 
the progeny of radiation-resistant isolates were subse- 
quently exposed to cathode ray doses identical to those 
received by the parent, the survival curves were similar 
to those of the parent (figures 4 and 5). 


DISCUSSION 


Bacterial spores are more resistant to sterilization by 
cathode rays than bacterial vegetative cells (Koh et al., 
1956), yeasts or fungi (Bridges et al., 1956). 

Differences in resistances to radiation sterilization 
were noted in both the Bacillus and Clostridium genera 
(table 2). One megarep or more was required to sterilize 
24 of the 25 species studied. Only 2 of the 25 species 
required more than 2 megareps. The difference in 
megareps between the highest dose yielding all positive 
cultures and the lowest dose giving all negative cultures 
was not consistent for all the spores studied. This 
difference varied from 0.2 megarep in culture E-626, 
a Bacillus species, to 0.9 megarep in culture E-594-C, 
also a Bacillus species (table 2). Such findings would 
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suggest that, in addition to the variations in the le- 
thality response, there is an individual sensitivity to 
lower radiation doses. 

Edwards ei al. (1954) have reported that the radiation 
dose required to sterilize is related to the number of 
spores exposed. These workers also found that spores 
in the frozen state are somewhat more susceptible to 
cathode rays than are moist spores. The results of the 
present study are in agreement with their observations. 

Survival patterns obtained in the present studies con- 
firm the observation of Dunn (1948) that 95 to 99 per 
cent of the spores exposed to cathode rays were killed 
by 0.5 megarep while an additional 1 to 1.5 megareps 
were required to destroy the remainder. 
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SUMMARY 


Marked variations in resistances of bacterial spores 
of various species to cathode rays were observed. 
Dosages required to sterilize varied from 0.6 to 2.1 
megareps. Species of Clostridium were found not to be 
more resistant than species of Bacillus. Bacterial spores 
are more resistant to the lethal effects of irradiation 
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than are vegetative bacterial cells, yeasts, or mol 
When spores in various physical states were irradiated 
it was found that the resistance of moist Spores Was 
greater than frozen spores and greater than dried spores 
No protection from irradiation effects were Observed 
when large quantities of Escherichia coli were employed 
with a spore suspension subjected to cathode rays 
When spores prepared from cathode ray resistant iso 
lates were irradiated, the survival patterns were similg: 
with those of the parent strain. The radiation resistance 
of a species of bacterial spore is a function of the 
numbers exposed. 
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etal., 1956; Bridges ef al., 1956; Pepper ef al., 1956; and 
Fluke and Pollard, 1955). 

The question arose as to why a few cells in a microbial 
population could withstand a radiation dose which 
killed! the majority of the population. T'wo explanations 
were considered. One was the target theory, which 
acknowledges that not every cell will receive a lethal 
dosage; the other was the possibility of spontaneously 
occurring resistant mutants. The present study was 
made whether the radiation 
were spontaneously occurring resistant mu- 


in order to determine 
survivors 
tants. In addition, the biochemical characteristics of 
radiation survivors were studied with respect to their 


catalase activities and nutritional requirements. 


MATERIALS AND METHODS 
The test organism was a strain of Escherichia coli 
Which had been maintained in our laboratory for several 
years. The organism was grown in nutrient broth for 18 
to 24 hr at 37 C. The bacterial cells were washed twice 
with distilled water and after the final centrifugation 
were resuspended in distilled water to the original 
volume. One-tenth-ml aliquots of washed bacterial 
cells, in serially diluted suspensions, were streaked onto 


' Inability of the orgamisms to reproduce under these condi- 
tions of test. 
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diate Incidence and Characteristics of Beta Radiation Survivors 
CS Was ; 
spores (Escherichia coli) 
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nt a. Department of Microbiology, Research Division, Ethicon, Inc., New Brunswick, New Jersey 
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Stance 
of the ‘ ? : ee 5 
It has been recognized that when a population of 2 per cent Bacto agar plates to provide a thin film. The 
jacterial cells is exposed to ionizing radiation in arith- plates were then exposed to beta rays generated by a 
metically progressive doses, the number of survivors 2 million electron volt Van de Graaff accelerator.? The 
1939 ¥ decreases geometrically until the entire population is radiation dosages varied from 10,000 to 70,000 reps 
atmos. § destroyed. This exponential survival pattern was first (Roentgen equivalent physical unit). 
_ ff observed with x-rays and later with other ionizing After irradiation, a thin layer of nutrient agar was 
. bi particles such as electron, proton, and so forth (Lea, poured over the surface. Radiation survivors formed 
~ 7 1946; Baeq and Alexander, 1955). colonies between the two agar layers after 48-hr incuba- 
INS, A Lea (1936) found that when Bacillus mesentericus tion at 37 C. The numbers of organisms in the inoculum 
high | spores, Escherichia coli and Staphylococcus aureus were were determined on nonirradiated plates similarly pre- 
Sand f iradiated by alpha and beta particles from polonium pared. Sixteen survivors were isolated from plates 
1954 and radium respectively, the numbers surviving dimin- - 7 
hol, | ished exponentially as a function of the dose. More re- TaBLe 1. Minimal medium* for Escherichia coli 
cently, bacteria, bacterial spores, yeasts, fungi and 
195} f yiruses have been exposed to high voltage electrons and KH2PO.. ees Paap en ageeee at B 
| “— in all cases similar exponential survival patterns were ee guia ia gi il ip pe: 
* "demonstrated (Dunn et al., 1948; Katznelson et al., 1952; MgSO,-7H:O ere 0.2¢ 
Edwards et al., 1954; Bellamy and Lawton, 1954; Koh Glucose ar 2.0 ¢ 


Distilled water 1,000 ml 

pH 7.2. 

Glucose was aseptically added after autoclaving. 

*D. T. Smith and D. S. Martin. 1948. Zinsser’s Textbook 
of Bacteriology, 9th. ed., p. 47. Appleton-Century-Crofts, 
Ine. (Ni Ys 


exposed to the maximum substerilizing dose. These were 
identified as R (resistant) strains. By exposing R strains 
to maximum substerilizing doses, nine RR strains were 
obtained. The resistance of the parent strain to cathode 
rays was compared with the resistance of R and RR 
strains exposed to equal radiation dosages. To detect 
catalase activity, sufficient 3 per cent hydrogen peroxide 
solution U.S.P.2 was added to 20-hr cultures of the test 
organisms on nutrient agar slants to submerge the agar. 
The presence of bubbling, indicative of release of oxygen, 
was presumptive evidence of catalase activity. 

In order to determine whether the radiation survivors 
required nutritional factors different from those of the 
parent strain, the survivors were grown in a simple 
synthetic medium (table 1) which was known to be 
adequate for growth of the parents. 


2 Built by the High Voltage Engineering Corp., Cambridge, 
Mass., and installed at our laboratory. 


3 Merck & Co., Inc., Rahway, N. J. 
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RESULTS AND DISCUSSION 


Resistances of survivors. From data obtained with 
Escherichia coli (parent strain), one R strain (R/16) 
and one RR strain (RR/1), the survival curves shown 
in figure 1 were drawn. The R/16 strain was obtained 
from one isolate of the parent strain which had survived 
a dose of 50,000 reps and the RR/1 strain derived from 
an R strain that had survived 60,000 reps. The number 
of cells in the initial population is shown at the beginning 
of each curve. The three survival curves are practically 
identical. The killing dose, 70,000 reps for the parent 
strain F. coli, was sufficient to destroy radiation sur- 
vivors. 

When smal.er numbers of cells were subjected to irra- 
diation, lower doses were required to kill all strains, as 
shown in figure 2. It can be seen that the slopes of the 
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Fig. 1. Survival curves of parent and irradiated strains of 
Escherichia coli. The R/16 strain originally survived 0.05 
megarep and the RR/I1 strain 0.06 megarep. 
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Fic. 2. Survival curves of parent strain and two radiation- 
resistant strains of Escherichia coli plotted to show differences 
in doses required when concentrations of cells are decreased. 
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curves for the parent strain are similar irrespective of 
the concentration of cells irradiated. This same relation. 
ship was observed for the R/16 and RR/1 strains, 

Additional studies with 15 R strains and 8 RR 
strains gave similar results. Since no RR. strain was 
more resistant than the parent strain, it was assumed 
that there were no induced resistant mutants. 

Biochemical characteristics. The E. coli (parent strain) 
and the irradiated strains R/16 and R/1 isolates ali 
exhibited catalase activity. 

Growth of the R/16 and R/1 strains, in the synthetic 
medium employed, did not differ from that of the £. 
coli parent strain. 

These observations differ significantly from results 
obtained with drug-resistant (Bryson and Demeree. 
1950) and U.V. resistant (Witkin, 1946) mutants. 
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SUMMARY 


It was found that isolates of Escherichia coli which 
resisted the high radiation dosages employed were not 
spontaneously occurring mutants. These survivors 
were identical to the parent in their susceptibility to 
radiation, catalase activity, and nutritional require- 
ments. Electron beam irradiation did not appear to 
induce radiat:on-resistant mutants in this strain of 
Escherichia coli. 
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Medical 


Much work has been done in the field of diagnosis of 
enterobacteria in recent years. Many authors have re- 
ported that three media are necessary for the differen- 
tiation of enteric microorganisms (Colichon, 1953; 
Edwards and Felsenfeld, 1952; Hajna, 1954; Singer, 
1950). Others have employed two media for the dif- 
ferentiation (Kohn, 1954; Petersen and Layer, 1953; 
Rappaport ef al., 1955; Sanders and Okabe, 1953; 
Silberstein and Rabinowitz, 1950; Singer, 1951). Ex- 
perience has shown that there are five significant 
diagnostic properties for differentiation of the enteric 
microorganisms. 

We have developed a medium in which all of the 
characteristics can demonstrated. It has been 
named UMAGIS medium, the name being taken from 
the characteristics which it differentiates: Urease pro- 
duction, Acid or Alkali production, Gas generation, 
Indol formation, and hydrogen Sulfide formation in a 
Mannitol-containing medium. 

The purpose of our investigations was to find a 

single culture medium which would allow full dif- 
ferentiation of intestinal microorganisms. Because 
only one tube would need to be inoculated, such a 
medium would speed up and simplify laboratory work 
greatly and would save reagents and glassware. Further- 
more, the use of a single medium for differentiation of 
the five significant properties would, make certain that 
the same density of inoculum was used for all the 
characteristics. With several different media, different 
densities of inocula employed in the different tubes 
often lead to variable results. 
The basic problem was to find a medium which 
could show all five of the reactions listed above neces- 
sary for the differential diagnosis. Difficulties arose 
from the fact that one reaction often interfered with 
the development of another one. It is known that indol 
formation is inhibited by the presence of sugars (Ander- 
son, 1946; Kohn, 1954; Rappaport et al., 1955; Singer, 
1951), but elimination of sugars from the medium 
abolishes acid and/or gas production. Abundant hydro- 
gen sulfide formation may obscure acid or alkali reac- 
tions in some cases. 


be 
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Firstly, we had to find a suitable sugar which would 
not interfere with indol production. Both levulose and 
mannitol were found suitable (Rappaport et al., 1955), 
but the latter was chosen to achieve a subdivision of 
Shigella. To enhance indol formation, tryptophane was 
incorporated into the culture medium and the mannitol 
concentration was reduced to 0.15 per cent. 

The second step, the addition of urea to differential 
media, had been taken by Bader and Hotz (1951), who 
modified Kligler’s iron agar, but their medium did not 
allow observation of indol formation. 

As to the hydrogen sulfide formation which is demon- 
strated by Kligler’s iron agar and by Hajna’s triple 
sugar iron agar, it was found that in both media the 
formation of the black iron sulfide often obscures the 
acid reaction with phenol red. We, therefore, reduced 
the quantity of iron-ammonium-citrate to 0.01 per 
cent; thus, both sulfide and acid formation are equally 
well recognized. 

Lastly, it was decided to detect the presence of indol 

filter-paper strips impregnated with Ehrlich’s 
reagent, according to the method of Braun and Silber- 
stein (1941). Thus, the bacterial growth on the slant is 
preserved and may serve for agglutination procedures 
and further subcultures. 

It has been shown that urease and indo] formation 
may be demonstrated in a single medium (Brenes- 
Madrigal and Soto-Vargas, 1953; Ferguson and Hook, 
1943; Rappaport and Henig, 1951; Rappaport et al., 
1955; Roland and Bourbon, 1949; Singer, 1951). How- 
ever, it has been asserted that such media are unsatis- 
factory for paracolon organisms (Jones and King, 
1954). This statement has not been confirmed (Brenes- 
Madrigal and Soto-Vargas, 1953; Jenkins, personal 
communication; Rappaport and Stark, unpublished). 


on 


MATERIALS AND METHODS 
Composition and Preparation 


The ingredients listed in table 1 are mixed thor- 
oughly in a mortar, with special care taken to mix the 
iron-ammonium-citrate, mannitol, sodium carbonate, 
and phenol red to an even distribution. The mixture is 
then shaken in a flask on an electric shaker. It has 
proved advantageous in practice to prepare the dry 
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TABLE 1. Composition of UMAGIS medium 





g 

Seer cree Lo) 15.0 
MN Ne tain $0. Ne 6 edie 5.0 
Iron-ammonium-citrate..... 0.1 
Na2SO; en ne Oe re ee eee eae eee a eee 0.5 
JSS ee rer : 1.5 
NasCO; siccum........... 0.7 
Tryptophane...................... 0.4 
Phenol red... 0.025 
TR NIM otra aie ans iw’ 40's 


.. 20.0 





stock medium in a 10- to 20-fold quantity in order to 
have a mixture of constant composition for repeated 
use. The dry mixture keeps well on storage. 

For preparation of 1 L of medium, 43 g of the 
mixture are dissolved in distilled water by heating 
gradually to boiling. There is no need to adjust the pH, 
as the sodium carbonate content ensures the necessary 
pH of 7.6 to 7.8. 

The medium is dispensed in test tubes (100 by 12 
mm) in quantities of 2.5 to 3.0 ml, and is autoclaved 
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at 15 lb steam pressure for 20 min. As mannitol jg 


thermostable, it is not decomposed. 


When still hot, 1 drop (approximately 0.03 ml) of 
urea solution is added aseptically, and the tubes ar 


then slanted. 


Preparation of urea solution. The urea solution js 
prepared by dissolving 50 g of urea in 100 ml of distilled 
water. This solution becomes sterile after standing | 
day at room temperature. It should be stored in g 
previously sterilized bottle with a dropper (Rappaport 
and Henig, 1951; Rappaport and Stark, 1953; Rappa- 


port et al., 1955). 
Preparation of indol reagent filter-paper 


strips. Filter 


paper is cut into strips, about 5 by 0.8 em. The strips 
are sterilized by dry sterilization and are afterwards 


impregnated with the indol reagent (5.0 


g of paradi- 


methylaldehyde dissolved in 10 ml of pure phosphoric 
acid and 50 ml of methyl alcohol) by means of a pipette 
or dropper. They are allowed to dry at room tempera- 
ture and are kept in small Petri dishes (Silberstein and 
Rabinowitz, 1950; Rappaport et al., 1955). 
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Fia. 1. Differentiation key. Explanation of symbols: U = 


production; HS = hydrogen sulfide production; Alk = Alkali formation; w = 
minority of strains. 


ing differently; M = majority of strains; m = 


urease production; A = 


— Shigella 


acid formation; G = gas formation; I = indol 
= weak positive (black ring); (—) some strains react- 
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Inoculation 


Lactose-negative (white) colonies are picked from 
the SS plate, which has been inoculated with the stool 
to be tested. The UMAGIS medium is inoculated by 
smearing the surface of the slant and by stabbing the 
butt. The indol reagent paper strip is inserted below 
the cotton plug, and the tubes are incubated over- 
night at 37 C. 

Reading of Test 

The test should be read according to the differen- 
tiation key (figure 1) after overnight incubation of the 
tubes. It is possible, when desired, to eliminate test 
tubes showing growth of nonpathogens after incuba- 
tion for 4 to 6 hr (Rappaport et al., 1955). Otherwise, 
these tubes may be read together with all the other 
tubes the next morning. The two groups which may 
be discarded are the paracolon-Aerobacter group and 
the Proteus-Pseudomonas group (table 2). 

The differentiation key is used to diagnose the 
enteric pathogenic microorganisms after elimination of 
the two groups of nonpathogenic organisms. It is 
essential to use the key in the way described below. 
The diagnostic signs must be read only in the order 
given; that is, first, the urea reaction is read, second, 
the alkali-acid-gas formation, and, last, indol and 
hydrogen sulfide formation. Only when this order of 
reading is adhered to strictly can a correct diagnosis 
be obtained. 

The diagnostic changes seen in the medium are as 
follows: (1) Presence of alkali is recognized by a 
cherry-red discoloration of the butt, caused by libera- 
tion of ammonia from urea by the urease-producing 
bacteria or by decomposition of proteins. (2) Acid 
production is recognized by yellow staining of the butt, 
caused by liberation of acid during sugar fermenta- 
tion. (When neither alkali nor acid is formed, the color 
of the medium remains unaltered, a pink-rose color.) 
(3) Gas production is recognized by the presence of 
gas bubbles in the medium, especially at the bottom. 
(4) Hydrogen sulfide production is recognized by a 


TaBLE 2. Reactions on UMAGIS medium by nonpathogenic 
enteric organisms 











Production 
Non gee le | | ea ea Genera 
| 4 | Alkaline | gen | Indol 
| = | sulfide | 
Proteus-Pseu- | +! + |+or—|+or—| Proteus and 
domonas | | | Pseudomonas 
group | | | 
| ———— | 
Acid | Gas | | | 
Paracolon- |— | +] + |+ or —|+(—)*| Paracolobac- 
| 
Aerobacter | trum and Aer- 
group | obacter 
*(—) = some strains reacting differently. 


blackish discoloration of the medium or, in the case of 
Salmonella typhosa, by a black ring. (5) Indol forma- 
tion is seen by red staining of the indol reagent paper 
strip, which remains yellow if no indol is formed. 


RESULTS 


The Proteus-Pseudomonas group is the only group 
where alkali formation is seen. It comprises bacteria 
which are nonpathogenic and may be eliminated from 
further study. Indol production and sulfide production 
(Rozansky et al., 1950) are variable. 

The paracolon-Aerobacter group is the second group 
to be eliminated. This group comprises organisms which 
are lactose-negative or slow fermenters. They form 
white colonies on SS plates and are picked up, there- 
fore, together with the enteric pathogens. Typical 
representatives of this group form acid, gas, and indol, 
and thus this group is recognized and excluded from 
further study. The appearance here is yellow butt 
with gas bubbles, red-stained indol test paper. 

Table 2 shows the reactions given by the nonpatho- 
genic microorganisms. 

After elimination of these two groups of typically 
reacting, nonpathogenic enteric organisms, there re- 
main three groups of pathogenic enterobacteria which 
are characterized as follows: 

Pathogenic group I—all paratyphoid strains. This 
group shows acid and gas formation from mannitol. 

Pathogenic group II—typhoid and some Shigella 
strains. This group shows acid formation only from 
mannitol. 

Pathogenic group I[I—the remainder of the Shigella 
strains. This group contains the mannitol nonfer- 
menters, that is, neither acid nor gas is formed in the 
medium. 

Within each of these groups a further subdivision is 
possible. Groups I and II may be subdivided into 
sulfide-positive and sulfide-negative microorganisms. 


TABLE 3. Reactions on UMAGIS medium by pathogenic enteric 




















organisms 
Production | 
Pathogenic Groups | Hy- Genera 
Ure- Acid | Gas |drogen| Indol | 
adh sulfide | | 
= _ — am as pales ie —* — i ee Sain inca 
1. Salmonella | -| +/+] —- | _ | Most Salmonella 
| | paratyphi A 
2. Salmonella | — | se oe A a ae | Paratyphoid B 
| 
| | and C, and 
| | | | | some S. para- 
| | typhi A 
3. Salmonella | — | ate a ei - S. typhosa 
4. Shigella sal Ai | — | — |+or—| Shigella (see key) 
5. Shigella —-|-|-j - aa Shigella 
(iim j= t= )—} — - 


Shigella 








*w = weak positive. 
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Group III may be subdivided further into indol- 
positive and indol-negative strains. 

All enteric pathogens are urease negative. 

In this manner, six distinguishable groups of enteric 
pathogens may be defined which give the following 
appearances: 

Pathogenic group 1—yellow butt with gas bubbles. 

Pathogenic group 2—as group 1, and with blackish 
discoloration. 

Pathogenic group 3—yellow butt, weak blackish dis- 
coloration (or black ring). 

Pathogenic group 4—yellow butt. 

Pathogenic group 5—pink color of medium un- 
altered, indol paper red. 

Pathogenic group 6—pink color of medium un- 
altered, indol paper unaltered yellow. 

The reactions causing the different appearances of 
the medium are shown in table 3. The diagnostic sig- 
nificance of the six pathogenic groups is shown in the 
differentiation key, figure 1. 





DIscUSSION 


Two difficulties may arise in the differentiation be- 
tween paratyphoid A strains (pathogenic group 1) 
and strains of the paracolon-Aerobacter group. Some 
paracolon strains are slow lactose-fermenting forms. 
Some indol-negative strains, such as Aerobacter cloacae, 
are encountered, which may be wrongly grouped into 
pathogenic group 1. Agglutination reactions may be 
employed to solve the problem. However, for a more 
sharply defined differentiation, a modified technique 
may be employed. It has been shown (Arnold and 
Weaver, 1948; MacCready and Holmes, 1953) that 
biochemical reactions of bacteria can be speeded up by 
inoculating large inocula into small quantities of 
culture medium. We make use of this observation in 
the UMAGIS medium test by adding a few drops 
(0.1 to 0.2 ml) of a 5 per cent lactose solution to the 
test tubes in question. The tubes are whirled slightly to 
loosen some growth from the slant for mixing with the 
added lactose solution. The tubes are reincubated at 
37 C for a further 2 to 3 hr. Paracolon organisms stain 
the fluid yellow (lactose-positive), while paratyphoid A 
bacteria stain it red (lactose-negative). The special 
lactose solution is prepared by first making two mix- 
tures of solids. Mixture No. 1 contains 10 g of lactose 
and 0.25 g of phenol red; mixture No. 2 contains 50 g 
of lactose and 0.8 g of Na,CO;. For preparation of the 
solution, 0.1 g of the first mixture and 5.0 g of the second 
mixture are dissolved in 100 ml of distilled water, dis- 
pensed in test tubes, and sterilized by boiling for 10 
min. The pH is 7.6 and need not be adjusted specially. 
To verify further that a microorganism belongs to the 
paracolon group and is not a paratyphoid A strain, the 
indol reaction may be enhanced by adding a few drops 
of indol reagent directly to the tube (Kovac, 1928). 


[von, 4 


Under these conditions, the red indol reaction for 
indol-positive microorganisms is always clearly visible. 

Where it is intended to perform a more precise 
diagnosis of the strains encountered, the growth on the 
slant may be used for agglutination tests with the 
relative diagnostic sera, as the antigenic properties of 
the strains are not influenced by the medium. Further. 
more, subcultures may be taken for inoculation on 
special culture media. To preserve the strains as diag. 
nostic strains, it is practical to transfer them to 4 
medium which shows further characteristics. A medium 
showing motility has proved very useful (Rappaport 
and Stark, 1953; Rappaport et al., 1955). 

During the last two years, we have tested routinely 
thousands of specimens of stools submitted for bace- 
teriological examination, both on UMAGIS medium 
and on Kligler’s iron agar. Not a single case of dis- 
cordant results between the two media has been 
encountered; thus, the reliability of the new medium 
seems definitely proved. 


SUMMARY 


A culture medium with a mnemonically devised 
name, UMAGIS, has been developed which permits, 
in a single test-tube, the differentiation of intestinal 
microorganisms. Nonpathogenic and pathogenic strains 
are separated, with a further subdivision of the patho- 
genic strains into the Salmonella and Shigella genera. 
Ammonia formation from urea, acid or alkali and gas 
production from mannitol, indol and hydrogen sulfide 
formation are shown and evaluated by this medium. 
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Various workers have attempted to correlate the 
electrophoretic mobilities of bacterial strains with other 
characteristics of the organism. Many of these in- 
vestigations have dealt with virulence and most were 
limited to a single type of variation within a given 
species. With the exception of the “smooth-rough” 
variation, no definite relationships have been ap- 
parent. This problem has been discussed in detail by 
Abramson (1934) and by Lerche (1953). Recently 
Hartman et al. (1953) suggested modifications in ex- 
perimental technique to aid in distinguishing popula- 
tion differences. In discussing their results, which 
agreed with earlier reports of electrophoretic mobility 


differences between smooth and rough strains of bac-' 


teria, they stated that ‘there is reason to believe that 
this is not the only type of variation which is associated 
with a change in cellular surface charge character- 
istics.” The present investigation was undertaken in 
order to compare electrophoretic mobilities of a number 
of different types of variants, to learn whether such 
variations are accompanied by changes in the cell 
surface characteristics as determined by the electro- 
phoretic technique. 


'Contribution No. 313, Department of Bacteriology, 
Kansas Agricultural Experiment Station, Manhattan, Kansas. 


MATERIALS AND METHODS 


Antibiotic-resistant variants were obtained by sub- 
jecting the parent strains to varying concentrations of 
the antibiotic, using the gradient plate technique with 
repeated transfers to higher concentrations. All re- 
sistant strains grew well on nutrient agar with concen- 
trations of the antibiotic at least 500 times more con- 
centrated than was required to inhibit growth of 99.99 
per cent or more of the parent population. The resistant 
strains were maintained on media with these high levels 
of the antibiotic. Loss of pigmentation was induced by 
ultra-violet radiation.2 ‘Slow’ lactose-fermenting 
strains of Paracolobactrum coliforme were transferred 
6 times at 4-day intervals in lactose broth and then 
streaked on eosin-methylene-blue agar to select the 
lactose fermenting mutants. Bacteriophage-resistant 
and -susceptible strains were from the collection of the 
Department of Bacteriology. 

The standard procedures for electrophoresis de- 
scribed by Moyer (1936) were followed in this study. 
All measurements were made at the stationary levels 
in an all-glass electrophoretic cell so that a standard 


2Dr. Wm. Pelon, former graduate student, furnished the 
nonpigmented variants as well as certain antibiotic-resistant 
strains. The Paracolobactrum cultures were furnished by Mr. 
B. E. Diamond, State Public Health Laboratory, Pierre, 8. D. 
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TABLE 1. Comparison of electrophoretic mobilities of 11 variant bacterial cultures with the parent populations 











Organism | 





Micrococcus pyogenes var. aureus 
Micrococcus pyogenes var. aureus 
Micrococcus pyogenes var. aureus. . 
Micrococcus citreus 

Sarcina lutea cea 
Serratia marcescens .... 
Salmonella pullorum. .... 
Aerobacter aerogenes... .. 
Escherichia coli. . 
Agrobacterium radiobacter. 
Corynebacterium equi . . 


W+SR 





* Statistical analysis based on differences at the 5 per cent confidence level. 


TABLE 2. Average electrophoretic mobilities of 5 mutant strains 
of Xanthomonas pruni, exhibiting different bacteriophage 
relationships, compared with the parent strain 


| Mean Time |<._.; 
| for Cells to | Sisnifi- 
Bacterial Strain | Move 120 | Diff a 
Electro- | a = 
| phoretically | - 
— _—_<. “a bee —_ 
Xanthomonas pruni, parent strain suscep- | 
tible to all 8 phage types............... a. 1.9) 
X. pruni, susceptible to No. 3 phage only. 10.4 + 1.5) Yes 
X. pruni, susceptible to phages 5 and 8....| 8.6 + 0.8! Yes 
X. prunt, susceptible to phages 4 and 8....39.4 + 1.6) Yes 
X. prunt, resistant to all 8 phage types..../28.2 + 1.5, No 
X. prunt, lysogenic strain............. 12.3 + 2.3) Yes 





*5 per cent confidence levels were used on the t-tests for 
population differences. 


characterization of surface characteristics could be 
made, if desired. 

Bacteria for electrophoretic measurements were 
grown in nutrient broth on a shaking machine for 20 
hr at 30C. All the variants grew well and remained 
stable on nutrient agar or broth. Because the compo- 
sition of the medium affects the zeta potential of 
resulting cells, a common medium was employed to 
render the comparisons between the parent popula- 
tions and the variants valid. 

Turbidimetric estimation of growth rates of both 
parent and variant strains were made to insure that 
all cells were in the same stage of growth when har- 
vested. The organisms were harvested by centrifuga- 
tion and washed 3 times in m/100 buffer consisting of 
Ke2HPO.-KH2PO,, pH 7.0. Further washing had no 
measurable effect on the electrophoretic mobility of 
the cells. All electrophoretic measurements were made 
on the suspensions immediately following washing at 
a constant temperature of 25 C. 

Statistical analyses of differences in mobilities were 
based on the time required for bacteria to move 120 u 


| Loss of pigment (W) 


Loss of pigmentation 


Loss of pigmentation 
Streptomycin resistant 
Neomycin resistant 
Neomycin resistant 
Neomycin resistant 


[VoL 4 
—_ os is es Ee ae —" i 
Mean Time for Cells to Move | 
Type of Variation | = 120 » in Electrophoresis Significant 
| Parent | Variant fei 
| sec | sec a: 
| 7.44 0.8 | 5.14 + 0.75 Yes 
Streptomycin resistant (S-R) | 7.4+0.8 | 6.5 + 0.68 Yes 
double mutant 74+08 | 69 + 0.6 No 
| 12.341.2 |13.0 +0.4 | No 
Loss of pigmentation | 98+41.2 | 15.7 +0.9 | Yes 
| 17.241.3 | 9.5 +04 | Yes 
| 10.3 + 0.6 | 9.8 +1.3 No 
| 10.4+0.6 | 10.3 +1.1 | No 
| 14.941.8 |13.7 41.9 | No 
| 12.6+41.2 |12.9 +0.8 | No 
Neomycin resistant | 7.72406 | 7.7 + 0.2 | No 


HARRIS 














TABLE 3. Statistical analyses of population differences among 
strains of Paracolobactrum coliforme based on electrophoretic 
mobilities 





Time for Cells to Move 120 u | 
in Electrophoretic Cell 


Significant 


Strain Number |___ Difference* 























Parent Variant | 
A. Comparisons of Single Variant Strains 
a ri Sec sec ~ es ae 
16 8| 7.5+0.9 76+1.0 | No 
118 6.6 + 1.3 5.4 + 0.4 Yes 
120 5.7 + 0.6 6.9 + 0.5 Yes 
14 | 4.4405 4.5 + 0.6 No 
129 | 86+ 1.3 7.8 + 1.8 No 
133 | 43406 | 4540.4 No 
1388 | 6.3404 | 7.2403 Yes 
143 | 79404 | 6140.5 | Yes 
B. Comparisons of 6 Variants from a Single Parent 
Strain 
74 | 6.9+0.5 5.0 + 0.4 Yes 
|} 7.141.1 No 
| 7.2+0.5 | No 
7.5240.7 | No 
83406 | Yes 
8.5 + 0.6 Yes 


* 5 per cent confidence levels. 


in the electrophoretic cell, with experimental condi- 
tions such as field strength and temperature held 
constant. The basis for making such comparisons was 
discussed in a preceding article (Harris, 1953). Popula- 
tion differences were investigated by the usual t-test 
of Fisher (1936). 


RESULTS 


Comparisons of the electrophoretic mobilities of nine 
different bacterial species showing antibiotic resistance 
and change in pigment-producing characteristics are 





listed in table 1. None of the four neomycin-resistant 
mutants exhibited significant changes when compared 
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with the parent strains. Three of the four nonpigmented 
strains showed significant changes in surface charge. 
One of the two streptomycin-resistant strains showed a 
significant change. Two variant strains of Micrococcus 
pyogenes Var. aureus, one resistant to streptomycin 
and the other pigmentless, moved at a slower rate than 
the cells from the parent population. However, a 
double mutant combining both loss of pigmentation 
and streptomycin resistance did not reveal a significant 
change When compared with the original parent strain. 

Asummary of studies on Xanthomonas prund in rela- 
tion to bacteriophage resistance is shown in table 2. 
Although significant differences in mobilities were 
found, both increases and decreases in surface charge 
were observed in cells of mutants susceptible to only 
one or two phage types. A variant resistant to all eight 
phage types did not show a significant change from the 
parent population. 

Results for the electrophoretic study of the Para- 
colobactrum coliforme strains are shown in table 3. In 
section A, single variant strains are compared with 
their respective parent populations. Four of the eight 
strains differed significantly from the parent popula- 
tion, two showing increased and two showing decreased 
mobilities. For a more detailed study, six mutant 
strains were selected from a single parent population. 
The electrophoretic measurements of these six variants 
and of the parent population are given in section B of 
table 3. These data indicate no change in the surface 
charge of three, a decrease in that of two, and an in- 
crease in the charge of one of the mutants. Results 
indicate that lactose-fermenting ability of these or- 
ganisms varies independently from the surface charge 
of the cells as measured by electrophoresis. 


DISCUSSION 


Variability in electrophoretic mobilities within a 
pure culture of bacteria has been studied in detail by a 
number of investigators. These results have been re- 
viewed recently by Lerche (1953). Although a normal 
distribution of mobility rates occurs, the values ob- 
tained differ greatly. Lerche (1953) found, for example, 
that different strains of Micrococcus epidermis showed 
much greater variability in mobility rates than did 
Micrococcus pyogenes var. aureus. 

Marked variations in physiological characteristics 
are known to occur as the result of genetic instability of 
parent, populations. Thus in random selections from 
the parent culture, it would be expected that certain 
cells would give rise to strains that would show sig- 


_ nificant variation. If the parent population were placed 


under stress to accelerate the mutation rate, the 
chances of selecting cells that have undergone two 
independent variations would be greatly increased. Ap- 
parently this has been the case in certain relationships 
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found in this study. No significant change in surface 
characteristics was found in certain variants compared 
with the parent populations. In other instances, sig- 
nificant differences in mobilities (sometimes greater, 
other times less than the parent) were observed which 
apparently were the result of cellular surface changes 
that occurred independently of the particular physio- 
logical mutation being studied. 

These results indicate clearly that conclusions re- 
garding a relationship between surface characteristics 
and other physiological variation cannot be based on 
comparisons of a single mutant strain with the parent 
population. Before association between any mutation 
and an altered electrophoretic property can be as- 
sumed, relationship should be observed in a number of 
parent and mutant strains. Likewise, when possible, 
multiple selections from a single parent population 
should be made and the relationships studied. In certain 
instances where step-wise variation is apparent, quanti- 
tative effects might be established. 


SUMMARY 


A study of the electrophoretic mobilities of a number 
of physiological variants among several bacterial 
species revealed no definite association between cell 
surface charge and the physiological property in ques- 
tion. The physiological variations studied included 
antibiotic tolerance in six species, pigment production 
in four species, and lactose fermentation in nine strains 
of Paracolobactrum coliforme. Likewise comparisons of 
the electrophoretic mobilities of five bacteriophage- 
resistant mutants from a single parent of Xanthomonas 
pruni, and of six lactose-fermenting strains from a 
single Paracolobactrum coliforme culture with their 
respective parent populations, indicated that these 
variations and changes in electrophoretic properties 
occur in an independent manner. Criteria are discussed 
regarding the use of electrophoresis as a method for 
detecting variants in a bacterial population. 
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The industrial importance of aerobic microbial 
processes carried out in large, stirred tanks has placed 
new emphasis on the problems of oxygen transfer from 
the gas to the liquid phase. Because oxygen is with 
difficulty soluble in water, the rate of its solution 
during the course of a fermentation is often the princi- 
pal factor affecting the yield of cells or cell products. 
The physical factors which affect the rate solution of 
oxygen in aqueous systems have been studied thor- 
oughly and have been reviewed by Finn (1954). In 
general, it appears that high rates of oxygen transfer 
are attained by creating large interfacial areas between 
the gas and liquid phases. With modern agitation- 
aeration equipment, this is usually achieved by sparg- 
ing or agitation or a combination of the two tech- 
niques. The methods used to create a large interfacial 
area between gas and liquid can be compared to meth- 
ods which are used to prepare colloids; these can be 
broadly classified as either dispersion or condensation 
methods. All of the conventional aeration practices 
correspond to the dispersion techniques in which large 
volumes of air are mechanically broken up or dispersed 
to form small bubbles. 

A radically different method for generating fine 
oxygen bubbles involves the electrolytic cleavage of 
water into molecular oxygen and the subsequent 
aggregation or “‘condensation’’ of the molecules. The 
advantages which could accrue from the use of elec- 
trolysis as an aeration technique prompted the present 
investigation. A major goal was to find out if electrolysis 
would satisfy the oxygen demand of a submerged 
culture of aerobic microorganisms; the criterion of 
success selected was growth equal to that of aerated 
control cultures. 


MATERIALS AND METHODS 

The organism used in this research was a strain of 
Pseudomonas fluorescens obtained from a culture col- 
lection of the Department of Bacteriology, University 
of Illinois. It was selected because it is an obligate 

! Supported by a grant from the National Yeast Corpora- 
tion, Belleville, New Jersey. 

? Present address, Department of Microbiology and Public 
Health, Michigan State University, East Lansing, Michigan. 

3 Present address, Department of Chemical and Metal- 
lurgical Engineering, Cornell University, Ithaca, New York. 
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aerobe, and therefore its growth response serves as q 
measure of oxygen availability. 

For the growth of the organism under electrolysis g 
glucose-mineral salts medium was used, adjusted to 
pH 7.0 and containing, in per cent: (NH4)oSO,, 03: 
glucose, 0.3; sodium hexametaphosphate, 0.3; yeas 
extract, 0.2; MgSO,, 0.1; FeSO,, 0.0005; NasSO,, 0.5: 
and distilled water. 

This medium was originally prepared with ortho- 
phosphate, but the high local concentration of hydroxy! 
ions generated at the cathode brought about the pre- 
cipitation of Mg(NH,)PO,. This precipitate interfered 
with the turbidimetric determination of cell concen- 
tration; and it also deposited on the electrodes, thereby 
altering their surface properties. The presence of 
sodium hexametaphosphate in the medium prevented 
phosphate precipitation by sequestering the Mgt ions. 
Sodium sulfate was added to increase the concentra- 
tion of electrolytes and thereby to reduce the electrical 
resistance of the fermentation medium. 


Fermentation Apparatus 

The electrolysis cell. The vessel used for these growth 
studies was constructed from a 1-quart wide-mouth 
fruit jar, 3.7 in in diam and 7.3 in high. A screwed-on 
ring closure retained a brass cover, 14 of an in thick, 
which was fitted with 4 ports. Through these, electrical 
and gas connections were made and the fermentor was 
stirred. Two strips of 1{¢-in Lucite sheet, 14 in wide 
by 414 in long, were.inserted in the vessel and held 
perpendicularly to the walls by small Lucite rods ex- 
tending across the diameter of the jar. These strips 
provided full baffling, as based on the work of Mack 
and Kroll (1948), and not only eliminated vortexing 
but also provided maximum agitation for a given power 
input. 

The contents, which were about 700 ml in most ex: 
periments, were stirred with a l-in glass propeller 
(down draft) located “off center.” The propeller was 
powered by a series-wound laboratory stirring motor 
and its speed could be varied over wide ranges by the 
use of a 1-Kw variable transformer. Agitator speeds 
were measured to within 1 per cent accuracy by the 
use of a stroboscope.! 
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All electrolysis experiments were conducted at 30 C 
in a temperature-regulated water bath. The potential 
of the direct current applied to the electrodes was 
controlled by a voltage divider; a multirange voltmeter 
and a milliameter were used to measure the applied 
voltage and the current respectively. 

Electrodes. The use of electrolysis to supply the 
oxygen for microorganisms growing in submerged 
culture introduces a problem in the choice of anodic 
materials. Iron and nickel are passive under alkaline 
conditions; but during the electrolytic evolution: of 
oxygen, the area surrounding the anode becomes acidic 
and there is dissolution of the metal. It was found that 
graphite anodes cannot be employed because carbon 
monoxide is evolved during electrolysis in amounts 
sufficient to inhibit the growth of the organism. Lead 
dioxide possesses the required passivity and is an 
electrical conductor by virtue of its imperfect crystal 
lattice. The presence of chloride ions in the electrolyzed 
medium, however, might have an undesirable effect on 
anodes composed of this material. To insure that no 
extraneous reactions occurred, platinum 
anodes were used in this research. 

Preliminary experiments were conducted using 2 
electrodes of shiny platinum foil. These were 2.7 cm 
wide and 4.3 em long and were sealed into glass tubes 
through which the electrical connections were made. 
The electrodes were mounted parallel to each other 
and 0.5 em apart. The glass tubes protruded through 
a 2-holed stopper which in turn was fitted into one of 
the ports in the cover. The electrode assembly was 
modified later so that the platinum electrodes were 

mounted between 3 graphite cathodes or, alternatively, 
between 3 iron cathodes; the anode-cathode spacing 
was maintained at 0.5 em, however. 


electrode 


Analytical Procedures 


Determination of cell concentration. Cell concentra- 
tions were measured turbidimetrically either in a Cole- 
man Model 9 Nepho-Colorimeter at 655 my or in a 
Klett-Summerson Photoelectric Colorimeter using a 
#64 filter. Both instruments had been calibrated by 
correlation of the optical absorbance of washed suspen- 
sions of P. fluorescens with the corresponding dry 
weight of cells. Cell concentrations in grams dry weight 
of cells per liter could be expressed by the following 
equations: 


Coll = Klett reading (to Kle 
995 


he hei @ 


tt values of 200), and (1) 


Absorbance 


“cell ae 
‘ 1.56 


(to absorbance values of 0.80). (2) 


Polarography. Polarography was employed in the 
present research to determine rates of oxygen uptake 
by microorganisms and also to measure the concentra- 
tion of dissolved oxygen and hydrogen peroxide. 


The polarographic determination of oxygen is based 
on its reduction at a mercury cathode, with the forma- 
tion of hydrogen peroxide and hydroxyl ions. The 
oxygen determinations were made by the single-poten- 
tial method of Lewis and McKenzie (1947) using an 
Klecdropode polarographic analyzer® (manually oper- 
ated) and a dropping-mercury electrode. The instru- 
ment was calibrated using sodium chloride solutions 
for which Seidell (1940) had reported the concentra- 
tions of oxygen in equilibrium with air. The H-cell 
type of polarographic cell described by Lingane and 
Laitinen (1939) was employed because of the ad- 
vantages inherent in the “built-in” reference electrode 
and in the elimination of a mercury pool as anode. At 
—0.5 volts vs. SCE (saturated calomel electrode), the 
oxygen concentration was directly proportional to the 
measured diffusion current. 

Oxygen uptake rates of bacterial suspensions were 
obtained by observing the time course of oxygen deple- 
tion in the suspension. The premise was made that the 
respiratory activity of the cells constituted the only 
oxygen demand. Samples were withdrawn from the 
cultures, placed in the polarographic cell, and aerated. 
Then aeration was stopped and readings of the diffusion 
current were taken at intervals after turbulence in the 
sample arm of the H-cell had subsided. From these 
readings, uptake rates were calculated. 

The oxygen concentrations in the bacterial cultures 
were determined by a modification of the above tech- 
nique. As a sample was withdrawn from the culture the 
time was noted and the concentration of oxygen in 
solution was determined at 5-sec intervals; extrapola- 
tion to zero time yielded the initial concentration. The 
manipulations and the instrument lag for this pro- 
cedure occupied at least 30 sec. In many cultures the 
demand was so great that the dissolved oxygen present 
at the time of sampling was almost depleted in 30 sec. 
In these cases, only one determination of the oxygen 
concentration could be made, and the rate of deple- 
tion was therefore established after reaerating the 
culture. The resulting curve, when extrapolated to 
zero time, gave the initial oxygen concentration in the 
culture. 

Hydrogen peroxide can be prepared by the electro- 
lytic reduction of oxygen. Because peroxide is known 
to be toxic to some microorganisms, it was necessary 
to consider the possibility of its formation in the 
electrolysis of bacterial cultures. Hydrogen peroxide 
was determined polarographically by the method out- 
lined by Aussen et al. (1950). 

Determination of hypochlorite. The concentration of 
hypochlorite ion in the uninoculated medium was de- 
termined spectrophotometrically in a Cary Model 11 
automatic spectrophotometer. The ion absorbs at 290 
mu and has a molar extinction coefficient of 310. 


5 Fisher Scientific Co., Pittsburgh, Pennsylvania. 
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EXPERIMENTS AND DiscussION OF RESULTS 
Preliminary Electrolytic Growth Experiments 


Experiments in which the bacterial cells utilized 
oxygen from electrolysis were performed in the follow- 
ing manner: 

A culture of P. fluorescens whose total volume was 
1 L was grown in shake flasks to approximately 0.2 g 
dry weight per L; 700 ml were introduced into the fer- 
mentor, and the remaining 300 ml were maintained as 
an aerated control in a shake flask. The contents of the 
electrolysis vessel were stirred at 1100 rpm, and nitro- 
gen was passed continuously into the gas space above 
the culture to eliminate atmospheric oxygen. 

In early experiments, the electric current (which in 
turn fixed the rate of oxygen generation) was held 
constant throughout each run. Oxygen uptake rates 
and cell densities were observed every 15 min in electro- 
lyzed cultures and every 30 min in aerated control 
cultures. Figure 1 summarizes the results of pre- 
liminary growth experiments. Initial growth rates 
were equal to those of control cultures for currents up 
to 300 ma, but after a time growth proceeded at a 
slower rate. The onset of such “growth inhibition” 
occurred at various population levels depending on the 
applied current (see figure 1). At the highest current 
density (430 ma total current), the organism grew at 
approximately one-half the growth rate of control 
cultures for a short period, and then growth was com- 
pletely inhibited. 

The inhibition which occurred at low current values 
(100 and 200 ma) was probably due to insufficient 
oxygen since an increase in the current produced an 
increase in the cell population. At the high current 
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Fic. 1. The growth response of cultures of Pseudomonas 
fluorescens which had been electrolvzed at various current 
levels. 
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Fig. 2. The growth response of a culture of Pseudomonas 
fluorescens which had been electrolyzed at 200 ma. After in- 
hibition had been established, the culture was aerated as 
well as electrolyzed, and the normal growth rate was resumed 


level of 430 ma, however, inhibition was attributed to 
an electrochemical discharge of some toxic material: 
this could easily occur because a relatively high voltage 
was needed to achieve the highest current employed 
(5.3 v). Both hypotheses were tested. 


Test for Limiting Oxygen 


Electrolytic growth experiments were performed 
using currents of 200 ma. After growth inhibition had 
been well established in electrolyzed cultures, the 
cultures were aerated as well as electrolyzed. If the 
inhibition at low levels of current was due solely to 
an oxygen deficiency, the cultures could be expected 
to grow normally when oxygen was supplied by aera- 
tion plus electrolysis. This was the case, and the results 
of one such experiment are shown in figure 2. 


Determination of the Presence of Toxic Materials 


Hydrogen peroxide could not be detected in un- 
inoculated growth medium which had been electrolyzed 
at 5.3 v for 2 hr. The polarographic technique which 
was previously described could detect hydrogen _per- 
oxide concentrations of less than 5 ppm; therefore it 
was concluded that, in the electrolysis, the rate of 
formation of this material was essentially zero. 

In the same experiment, aliquots of the medium 
were taken, and the presence of hypochlorite ion was 
established spectrophotometrically. Subsequent studies 
showed that dosages of hypochlorite as low as 0.03 mg. 
OCI per L per min had a deleterious effect on the 
growth of P. fluorescens. Hypochlorite poisoning could 
not be prevented by the incorporation of thiosulfate 
into the growth medium. 
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In view of the above results, it was mandatory to 
prevent the discharge of chlorine if the electrolytic 
process were to be successful. This could be accom- 
plished in either of two ways: (a) by reducing the con- 
centration of chloride ions in the medium,® or (b) by 
increasing the electrode surface so as to decrease the 
current density for a given total current. The latter 
change would decrease the polarization potential of 
the system, that is, it would permit the discharge of 
sufficient oxygen for growth at a voltage so low that 
hypochlorite would not be formed. 

It was not feasible to try to lower the chloride con- 
tent of the medium since the latter contained only 
0.018 per cent (180 ppm chloride). Yeast extract con- 
tributed the major portion of the chloride, and it was 
felt that all common laboratory and commercial 
mediums would contain at least this much chloride. 
Therefore, the electrode assembly was modified. Two 
platinum anodes were mounted in parallel between 3 
graphite cathodes resulting in a total anode surface of 
46.4 em? or 0.066 cm? per ml of electrolyzed medium. 
With these electrodes, discharge of chlorine could not 
be detected below 5.3 v. 


Oxygen Uptake Rates of Pseudomonas fluorescens 


In order to avoid oxygen poisoning of the test or- 
ganism and yet satisfy its metabolic needs, the level of 
the electrolysis current had to be based on the oxygen 
demand of the culture during the course of its growth. 
It was therefore necessary to study the oxygen require- 
ments of cultures of P. fluorescens as a function of cell 
concentration and age. 

A liter of growth medium was inoculated with 40 ml 
of a culture of P. fluorescens which was growing ex- 
ponentially. Aliquots of the inoculated medium (25 ml) 
were distributed aseptically into sterile 250-ml Erlen- 
meyer flasks and shaken at 30 C. At half-hour intervals, 
turbidimetric determinations were made of cell concen- 
trations, and oxygen uptake rates were measured 
polarographically. Figure 3 shows the course of growth, 
the specific rate of oxygen uptake, and the total oxygen 
demand of the culture. Specific oxygen uptake was 
based on 1 g of dry cells. 

The growth response of P. fluorescens on glucose- 
mineral medium typifies that which is obtained when 
aerobes are grown with usual laboratory aeration pro- 
cedures. Only 40 per cent of the total cell crop had been 
attained at the end of the exponential growth phase. 
The maximum total oxygen demand of the culture oc- 
curred a short time later and was followed by a rapid 
decrease in this demand. An oxygen deficiency in the 
bulk of the culture could have led to an impairment of 
the cells’ metabolic system which resulted in the 
lowered oxygen demand. Such a possibility is supported 

6 An increase in discharge potential of 59 mv occurs for 
each 10-fold decrease in concentration. 
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Fic. 3. The growth response of a shake culture of Pseudo- 
monas fluorescens on glucose-mineral medium. Data for the 
oxygen uptake per unit weight of cells per unit time and total 
oxygen demand are also presented. 


by the work of Rahn and Richardson (1942), who 
showed that moderately rapid death occurs when 
cultures of P. fluorescens containing 10° cells per ml 
or more are subjected to oxygen starvation. 

The rate of oxygen uptake per unit weight of cells 
decreases rapidly from its maximum value in the ex- 
ponential phase. The data are therefore in accord with 
the findings of Martin (1932), Clifton (1937), and 
Hershey and Bronfenbrenner (1938), all of whom pre- 
sented data on the oxygen uptake per cell. 

In the interval of growth chosen for the electrolytic 
studies, the bacterial concentration increased from 
0.15 to approximately 0.80 g of cells (dry weight) per L. 
It is in this period that the total oxygen demand of 
shake-flask cultures reached a maximum, and there- 
fore it is in this period that the most rigorous test 
could be made of the effectiveness of electrolysis. 


Electrolytic Growth Experiments 


In electrolytic growth experiments, the electrolysis 
current was increased as the oxygen demand of the 
culture increased. The average rate of oxygen uptake 
at the beginning of an electrolytic run was 0.75 ml 
oxygen per L per min for cultures containing 0.2 g dry 
weight cells per L. When cell concentrations of approxi- 
mately 1.0 g dry weight cells per L had been. attained, 
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216 hr later, the average rate was 3.5 ml oxygen per L 
per min. The electrolytic growth experiments were 
therefore initiated at currents of 150 ma, a value 
calculated to provide sufficient oxygen for the 700-ml 
culture. A step-wise increase of 50 ma was made every 
15 min until the final current was 550 ma. This current 
would induce the formation of 1.95 ml of oxygen per 
min. In the course of the experiment, 15-ml samples 
were withdrawn from the electrolysis cell every 15 min, 
resulting in a final volume of culture of 550 ml. The 
effective oxygenation rate for the 550-ma current was 
then 3.6 ml of oxygen per L per min. 

Despite extreme care in avoiding excesses and main- 
taining an electrolytic oxygen supply commensurate 
with the metabolic needs of the organism, growth in- 
hibition and decreased oxygen uptake rates were en- 
countered in electrolytic growth. The impairment. of 
growth was evident after the electrolysis had _pro- 
ceeded for 1 hr; and after 2 hr, oxygen uptake rates and 
succinic dehydrogenase activities of electrolyzed cells 
(Thunberg technique) were lower than the correspond- 
ing activities of aerated controls. The latter result 
indicated that the inhibition might be due to the leach- 
ing of heavy metals from the graphite electrodes or 
the poisoning of the cells by pure oxygen. Heavy metals 
were eliminated as a source of inhibition since normal 
growth occurred in aerated (nonelectrolyzed) cultures 
containing blocks of the electrode material. 

When the graphite cathodes were replaced with 
iron, immediate success was obtained in the electro- 
lytic growth of cultures of P. fluorescens, that is, 
electrolyzed cultures grew at the same rate and to the 
same final cell densities as aerated controls. The cell 
yields were in the order of 0.90 g (dry weight) per L. 
The inhibition which had been observed during elec- 
trolysis with graphite cathodes was possibly the result 
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Fic. 4. The oxygen supply and demand for an electrolyzed 
culture of Pseudomonas fluorescens. The ratio of the areas 
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of the reduction of an unknown substance with the 
formation of a toxic material. The fact that the hydro- 
gen overvoltage of the graphite is higher than that of 
the iron cathode lends support to this explanation, 


Oxygen Poisoning 
Ug 


Berghaus 
cultures — of 


(1907) has reported an inhibition of 
Pseudomonas pyocyanus (Pseudomonas 
aeruginosa) in contact with oxygen at slightly more 
than one atmosphere. Because oxygen is released at 
the anode at approximately atmospheric pressure, an 
investigation was made of the possibility of oxygen 
toxicity in the electrolytic growth of microorganisms, 
Cultures were grown in shake flasks to approxi- 
mately 0.2 g per L dry weight cells, placed in the 
fermentor (no current flow) and oxygenated through a 
sintered glass sparger. The contents were stirred at 
1100 rpm. The oxygen flow rates ranged from 25 to 
140 ml of oxygen per min in a series of experiments 
so that various levels of dissolved oxygen could be 
maintained. Inhibition of cell growth and a diminution 
of succinic dehydrogenase activity were the criteria 
of the degree of oxygen poisoning. A general inhibition 
of the cultures of P. fluorescens appeared at dissolved 
oxygen concentrations somewhat above 4.65 ml per L 
of medium which, for the electrolysis medium, corre- 
sponds to a solution in equilibrium with gaseous 
oxygen at 0.27 atmospheres and 30 C. It would be 
difficult to attain or maintain this level of dissolved 
oxygen in an actively metabolizing culture of reason- 
able cell density. However, the possibility does exist 
that over-oxygenation could occur in the electrolysis 
of cultures of microorganisms in an early stage of 
growth when the oxygen demands were very low. 


Oxygen Absorption Efficiency 
Various schedules of current increases during elec- 
trolytic growth were attempted, and the resulting 
oxygen efficiencies for entire experiments were ob- 
tained by graphical integration. The results of one such 
experiment are given in figure 4 and indicate that close 
control of the electrolysis rate is necessary in order to 
obtain oxygen efficiencies approaching 100 per cent. 
The over-all utilization efficiencies for the electrolytic 
process were in the order of 50 per cent, which is higher 

than obtained with conventional aeration. 


Oxygen Transfer Studies 


The unusually high oxygen absorption led to a study 
of the factors affecting the rate of solution of oxygen 
in the electrolytic process. 

It has been stated that the rate of absorption of a 
gas in a stirred vessel is a function of: (a) the tempera- 
ture; (b) the magnitude of the driving force, a function 
of oxygen solubility; (c) the area of the gas-liquid in- 
terface, a function of gas bubble size; (d) the time of 
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contact; and (e) the intensity of agitation. Several of 
these variables have been investigated and their in- 
jerrelationships in the present system will be discussed 
in terms of the mass transfer coefficient. 

Oxygen bubble diameter. Gas bubbles evolved elec- 
irolytically from a platinum anode (a wire 0.3 mm in 
diam. and 4.0 mm long) immersed in growth medium, 
were observed through a horizontally mounted micro- 
seope. The current was kept at approximately | ma so 
that the evolution of gas bubbles from various electrode 
areas could be followed and so that bubble size could be 
measured with a calibrated ocular micrometer. It was 
observed that bubbles were generated only at specific 
sites on the anode; they were of two distinct sizes, 55 
and 80 » in diam. Approximately 90 per cent of the 
bubbles were of the smaller size. The size of these 
bubbles was of the same order of magnitude as that 
for the hydrogen gas bubbles reported by Jenckel and 
Hammes (1937). They observed the chemical and 
electrolytic gas discharge from aluminum in acid 
solutions and found, for example, that hydrogen bubbles 
from an electrolysis at 50 ma per cm® have a diam of 
20 yw. 

In electrolytic growth experiments the currents 
ranged from 150 to 550 ma and, since the anode area 
was 46.5 cm?, current densities were 3.2 to 11.9 ma 
per cm*. Jenckel and Hammes report very little change 
in bubble diam over this range of current density. It is 
valid to assume, therefore, that the oxygen bubbles 
generated at the large anode actually used were about 
the same size (55 » diam) as those observed at the 
tiny platinum wire. 

There are no reports in the literature of mass trans- 
fer studies in which the interfacial area was as great as 
that which must have been attained in this research. 
In fact, few sparging devices are capable of producing 
such fine, uniform gas dispersions. The electrolytic 
technique of gas generation might, therefore, be ad- 
vantageously employed in studies of mass transfer in 
agitated tanks. 

Oxygen solubility. The solubility of oxygen in the 
bacteriological growth medium at one atmosphere 
pressure and 30 C was measured polarographically. The 
solubility of oxygen in pure water at these conditions 
is 29.10 ml per L (37.4 ppm oxygen), but in the me- 
dium it was only 17.45 ml per L (22.4 ppm oxygen). 

During the electrolysis of uninoculated medium, the 
solubility of the oxygen must be affected by the pres- 
ence of hydrogen. Although 2 volumes of hydrogen and 
1 volume of oxygen are produced unmixed at the 
electrodes, each gas would tend to “scrub” or remove 
the other from solution, resulting in thorough mixing 
of the two gases. The solubility of oxygen in such a 
system could then be only one-third that of pure 
oxygen 

The above considerations were tested by approaching 


the equilibrium solubility of oxygen from two direc- 
tions; completely deaerated medium on the one hand, 
and oxygen-saturated medium on the other. These 
were electrolyzed and oxygen determinations were made 
by withdrawing 10-ml samples at intervals and intro- 
ducing them into 20 ml of de-aerated medium in the 
H-cell. In order to minimize errors due to the pickup of 
atmospheric oxygen, the volumetric pipettes were 
flushed with nitrogen prior to sampling, and all liquid 
samples were introduced below the level of the medium 
in the H-cell. An equilibrium oxygen solubility of 5.82 
ml per L, one-third that of the pure gas, was attained 
in approximately 20 min from either starting condition. 
The effective partial pressure of oxygen in the elec- 
trolysis was therefore only one-third of an atmosphere. 
It should be pointed out that the tests were made on 
uninoculated medium which has, essentially, no oxygen 
demand. Systems with a high oxygen demand could 
draw gas from the medium so rapidly that little serub- 
bing with hydrogen would occur. In this case, the ef- 
fective partial pressure of oxygen might approach one 
atmosphere. 

The determination of the mass transfer coefficient. The 
mass transfer coefficient, ka, for the unsteady state 
transfer of oxygen into the uninoculated medium was 
determined by the “outgassing” technique of Bartholo- 
mew et al. (1950) and Wise (1951). This involves 
observations of the rate of solution of oxygen in a pre- 
viously deaerated medium. An over-all mass transfer 
coefficient is then calculated from the slope of a plot of 
In(c*—c) versus time, where c* is the ultimate solu- 
bility of oxygen and c¢ is the instantaneous oxygen 
concentration in the liquid. 

Following deoxygenation of the medium with nitro- 
gen, a potential of 4.2 V was applied between 2 platinum 
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Fic. 5. The mass transfer coefficient, kz, as a function of 
the degree of agitation of the electrolyzed medium. The power 
input varies as the cube of the agitator speed. 
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foil electrodes. This resulted in a current of 200 ma and 
brought about the evolution of 0.70 ml of oxygen per 
min or 2.1 ml of mixed gas per min. Mass transfer 
coefficients were calculated from data obtained at 
various agitator speeds from 800 to 2500 rpm and are 
presented in figure 5. The value of c* for these calcula- 
tions was taken as 5.82 em‘ of oxygen per L of medium. 
Also indicated on the abscissa of figure 5 is the relative 
power input referred to 800 as unity. 

In this investigation, the mass transfer coefficient 
was independent of the relative power input per unit 
volume in the turbulent range. (Reynolds number of 
10,000 corresponds to 760 rpm.) This is in marked 
contrast to the relationship: 


ka = kP,°-™ (3) 


which has been reported in the literature for stirred 
tanks, where a combination of sparging and mechani- 
cal shearing is responsible for the generation of gas- 
liquid interfacial area. It may be that a major portion 
of the effective horsepower input to a sparged fermentor 
is expended in creating new interface, and that once the 
bubbles are sufficiently small, further power is inef- 
fective. These conclusions pertain, of course, to simple 
mediums containing yeasts or bacteria which do not 
form large clumps of cells. 


SUMMARY 


Electrolysis of the culture medium was used as a 
means of providing oxygen for the growth of a sub- 
merged culture of Pseudomonas fluorescens. Growth 
rates and cell yields equal to aerated cultures were ob- 
tained electrolytically when the dissolved oxygen con- 
centration was not limiting. A cathode reaction which 
was inhibitory to growth occurred with graphite but 
did not occur when iron cathodes were used. The 
requirement that the applied voltage be maintained 
below the discharge potential of chlorine necessitated 
the use of relatively large electrode areas. In the present 
research, the anode area was equal to 66 em? per L or 
approximately 40 sq in per gallon. 

Moderate oxygen concentrations (above 4.65 ml 
oxygen per L of solution) inhibit the growth of Pseu- 
domonas fluorescens. Hydrogen peroxide was not formed 
in the electrolysis in detectable amounts, but toxic 
quantities of hypochlorite could be formed at the anode 
under some experimental conditions. 

The oxygen gas bubbles produced in the electrolysis 
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were rather uniform and about 55 yw in diam. The 
discharge of hydrogen had a pronounced effect on the 
solubility of oxygen in the uninoculated growth me. 
dium. 

The major portion of the effective power input to a 
sparged fermentor may be expended in the creation of 
new interface, and once the gas bubbles are sufficiently 
small, further power does not affect the rate of gas 
transfer. 
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ERRATUM 


In the paper by Snell et al., Volume 4, Number 1, January 1956, page 15, Table I, first 
column, under “Alcohol phase from n-butyl] alcohol, acetic acid, HO” for “74:6:20” sub- 
stitute “40:10:50”. 
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A soluble oil, in its simplest form, is an emulsified 
mineral oil. When mixed with water it forms a stable, 
gi-in-water emulsion which is used in various metal- 
working operations. In practice, soluble oils are much 
more complex because materials may be added for a 
variety of purposes such as increased stability, ex- 
treme pressure properties, rust protection, and control 
of bacteria. Thus, soluble oils may contain the follow- 
ing:a mineral oil with or without a fatty oil; emulsifiers, 
sich as soaps of petroleum sulfonic acids, fatty acids, 
rosin and naphthenic acids; coupling agents, such as 
alcohols or high-boiling-point ethers; extreme pressure 
additives, such as sulfurized fatty oils; and rust in- 
hibitors of various types 

Soluble oils, per se, are sterile or they may contain 
bacteria in a nonproliferating condition. But when 
mixed with water most soluble oils are capable of sup- 
porting microbial growth (Lee and Chandler, 1941; 
Duffet et al., 1943; Fabian and Pivnick, 1953). This 
growth accelerates the breakdown of the oil emulsion 
with a subsequent formation of scum and a disagreeable 
odor (Liberthson, 1945; Westveer, 1951; Lindert, 1951). 
The amount of growth and disagreeable odor may be 
inereased by contamination with organic nitrogenous 
compounds (Fabian and Pivnick, 1953). 

Microbial oxidation of hydrocarbons has been studied 
for many years and the results have been ably reviewed 
by ZoBell (1946, 1950), Beerstecher (1954) and Davis 
and Updegraff (1954). The Warburg respirometer 
(Umbreit et al., 1949) has been used for such studies by 
Stone et al. (1942) and Johnson et al. (1942). The same 
instrument has been used for study of the microbial 
oxidation of soluble oil emulsions by Okawaki (1953), 
Pivnick et al. (1955) and Pivnick (1955). It must be 
emphasized that such emulsions are composed of di- 
verse compounds and that oxidation of a soluble oil 
does not necessarily infer oxidation of hydrocarbon. 
This report is concerned with the oxidation of 
various soluble oils and emulsifiers used in soluble oils 
by two bacteria, namely, Pseudomonas oleovorans and 
Pseudomonas formicans. The susceptibility of soluble 
oils to microbial oxidation has been correlated with the 
susceptibility of their emulsifiers. 


1 This work was supported by a fellowship from The Texas 
Co. to the senior author. 
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MATERIALS AND METHODS 


Cultures. P. oleovorans was isolated on a nutrient agar 
plate from a used emulsion obtained by mail from the 
Cammel Laird Co., Birkenhead, England. P. formicans 
was isolated in a similar manner from a sample received 
from the Allis-Chalmers Co., Springfield, Illinois. The 
organisms were maintained as stock cultures, in the 
refrigerator, on nutrient agar covered with mineral oil. 
Cultures used for studying oxidation of soluble oils were 
first grown for 5 days in an emulsion consisting of 2 
per cent soluble oil in tap water. This substrate was 
composed of a mixture of 5 soluble oils, each of which 
differed considerably from the others. Cultures em- 
ployed for a study of the oxidation of emulsifiers were 
grown for 5 days in the presence of the particular 
emulsifier subsequently used as substrate in the War- 
burg respirometer. The growth medium contained 0.5 
per cent of the emulsifier, 0.03 per cent peptone, 0.05 
per cent beef extract and 0.1 per cent of ammonium 
phosphate in tap water with the pH adjusted to 8.0. 

Cultures used in the respiration studies were reiso- 
lated from the above-mentioned media by streaking 
nutrient agar plates. Single colonies were fished to tubes 
of nutrient broth and after 24-hr incubation these sus- 
pensions were used to inoculate 250 ml of the same 
medium. Cells were harvested after 18 hr of vigorous 
aeration at 30 C. The cells were washed twice with 
M/40 phosphate buffer at pH 7.0 and resuspended in 
10 ml of distilled water. This suspension was shaken 
for 2 to 8 hr at room temperature in an attempt to re- 
duce the endogenous respiration. 

Neither of these organisms produced hydrogen when 
incubated for 1 month in a Smith fermentation tube 
filled with soluble oil emulsion. This test was carried 
out to eliminate the possibility of hydrogen production 
interfering in the respiration studies. 

Soluble oils. The soluble oils were representative of 
those used industrially. For obvious reasons relatively 
little information concerning their composition was 
disclosed by the manufacturers who supplied the 
samples. Available information is given in the following 
paragraph. 

Oil B was of unknown composition. Oil J contained 
light mineral oil, animal oil, vegetable oil, vegetable 
resin, fatty acid soaps and an organic mercury disin- 
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fectant. Oil L contained mineral oil and soaps and soap- 
like materials. Oil O contained mineral oil and petro- 
leum sulfonate. Oil P contained mineral oil and lard 
oil. It is assumed that it also contained an emulsifying 
agent because it formed an emulsion with water. 

For use in the Warburg respirometer the soluble 
oils were mixed with tap water to obtain an emulsion 
containing 15.3 per cent soluble oil. When 0.3 ml of 
this emulsion was mixed with bacteria and buffer the 
mixture contained 2 per cent soluble oil. 

Emulsifiers. The emulsifying agents were typical of 
those used in soluble oil emulsions. They consisted of 
commercial samples of petroleum sodium sulfonate, 
naphthenic acids, sodium soap of wood rosin, tri- 
ethanolamine oleate, sodium oleate and tris (poly- 
oxyethylene) sorbitan monooleate. 

For use in the Warburg respirometer most of the 
emulsifying agents were dissolved in tap water, adjusted 
to pH 8.0 with sodium hydroxide and diluted to a con- 
centration of 3.8 per cent w/V. Tris (polyoxyethylene) 
sorbitan monooleate was prepared in the same manner 
but diluted to 0.96 per cent w/V. 

Respiration studies. Respiration studies consisted of 
determinations of the oxygen uptake by the washed 
cell suspensions in the presence of 2.0 per cent soluble 
oil or 0.5 per cent emulsifying agent. Tris (polyoxy- 
ethylene) sorbitan monooleate was present as a 0.125 
per cent solution. Each Warburg flask contained 1.0 
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Fig. 1. Oxidation of soluble oil emulsions by Pseudomonas 
oleovorans. Refer to text for characteristics of oils. 
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ml of bacterial suspension, 1.0 ml of m/40 phosphate 
buffer at pH 7.0, 0.2 ml of 10 per cent potassium 
hydroxide and 0.3 ml of substrate. The gas phase was 
air, the temperature 30 C. After a period of 10 min for 
thermal equilibration the stop-cocks were closed and 
the substrate mixed with the cells. Controls consisted 
of cells without substrate. 
RESULTS 

Soluble oils. Bacterial cultures vary in their capacity 
to oxidize a single soluble oil. Figure 1 shows that 
P. oleovorans oxidizes oil O readily while figure 2 shows 
that P. formicans has little ability to oxidize this oil. 
Also, soluble oils vary in their susceptibility to oxida- 
tion by a given species. Figures 1 and 2 both show that 
oils J and P are oxidized rapidly, while oil B is relatively 
resistant. The increased rate of oxidation with time 
(figure 1, oils J and L) indicate possible adaptation of 
the bacteria to the substrate but the decreased oxidation 
rates after a short period of time (figure 2, oils O and 
B) may indicate exhaustion of a minor component of 
the soluble oil or even oxidation of some trace amount 
of contaminating organic material. 

Emulsifiers. The oxidation of emulsifiers used in 
soluble oils is shown in figures 3 and 4. Both figures 
indicate that oleate (curves D and E) is very suscepti- 
ble to oxidation and that triethanolamine oleate (curve 
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Fic. 4. Oxidation of emulsifiers by Pseudomonas formicans. 
A, petroleum sodium sulfonates; B, sodium soap of wood rosin; 
C, sodium naphthenates; D, triethanolamine oleate; Z, sodium 
oleate; F, tris (polyoxyethylene) sorbitan monooleate. 


D) is most susceptible of the emulsifiers tested. Pe- 
troleum sulfonate (curve A) is resistant to oxidation 
by both P. oleovorans and P. formicans, while the wood 
rosin soaps (curve C) and naphthenates (curve B) are 
oxidized to a slight extent. These latter compounds 
may, however, be contaminated chemically (Howes, 
1949). Tris (polyoxyethylene) sorbitan monooleate 
(figure 4), curve F, showed intermediate susceptibility 
to oxidation by P. formicans. It was not used in ex- 
periments with P. oleovorans. 


DISCUSSION 


Soluble oils are chemically complex mixtures of pe- 
troleum, emulsifying agent, and coupling agent. They 
may also contain fatty oils. A brief discussion of the 
chemistry of these components may be of some as- 
sistance in interpreting figures 1 through 4. 

The petroleum fraetion of soluble oils may consist of 
aliphatic or cyclic compounds of varying molecular 
weight and degree of complexity. The fats may consist 
of lard, sperm oil, rape seed oil, etc. Both petroleum 
and fat may be chlorinated, sulfurized, or sulfonated 
(Bastian, 1951). 

The emulsifying agents are usually amine or sodium 
soaps of a wide variety of organic acids. Petroleum 
sulfonic acids (mahogany acids) are produced from 
petroleum by sulfonation with fuming sulfuric acid or 
sulfur trioxide. Although they are similar with respect to 
having at least one sulfonic group per molecule, the 
hydrocarbon radical may be as varied as the petroleum 
from which it is manufactured (Ellis, 1934). 

Naphthenic acids are recovered from petroleum, in 
which they occur naturally. The term naphthenic acid, 
originally designating a monocyclic acid of the formula 
CNH.N-1COOH (Ellis, 1934), now includes bicyclic 
and even polycyclic compounds. The carboxy] group is 
present on a side chain. Commercial samples of naph- 
thenic acids may contain neutral hydrocarbons, pe- 
troleum resins, or asphaltic materials (Ellis, 1937). 

Rosin, obtained from pine trees, is also a chemically 
complex mixture. Rosin may contain resenes, aromatic 
acids, aliphatic acids, resin acids, alcohols, and essential 
oils (Howes, 1949). 

Tris (polyoxyethylene) sorbitan monooleate is a fatty 
acid ester of sorbitan to which polyethylene ether chains 
have been attached (Kirk and Othmer, 1954). 

Coupling agents are used in soluble oil emulsions to 
improve the stability of the emulsion. Such materials 
as alcohols (Bastian, 1951), for example, isopropanol, 
are used for this purpose. Also, ethylene glycol mono- 
ethers, especially the methyl, ethyl, and butyl ethers, 
are employed (Curme and Johnston, 1952). Usually 
they comprise 1 to 2 per cent of the total weight of the 
oi!. Rapid microbial oxidation of such compounds 
would remove them completely from an emulsion be- 
cause of their initial low concentration. 
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The meager information concerning the composition 
of the soluble oils employed in these studies makes an 
interpretation of figures 1 and 2 difficult. An attempt is 
made, however, to correlate the oxidation of emulsify- 
ing agents with the oxidation of soluble oils. 

Oil J contained fatty acid soaps which, judging from 
the microbial oxidation of sodium and triethanolamine 
oleate, must have been readily attacked. This oil also 
contained a disinfectant which killed all bacteria within 
24 hr but apparently did not interfere with oxidation 
of the soluble oils in a 3-hr test. Results of this study 
will be presented in a subsequent report. Oil L also 
contained soaps, although the type was not specified. 
However, judging from the ease with which this com- 
pound was oxidized, these soaps must have been of the 
fatty acid type because, as is shown in figures 3 and 4, 
soaps of petroleum sulfonic acid, wood rosin, and 
naphthenic acids were relatively resistant to oxidation 
by the bacteria investigated. Oil P contained mineral 
oil and lard oil. We know nothing of its emulsifying 
system. The general ability of different species of 
Pseudomonas to hydrolyze lipid ester linkages is well 
known, however, and it would seem that even if the 
emulsifying system contained no fatty acid soaps there 
would be an abundant supply of fatty acids from lipid 
hydrolysis. At the pH found in most soluble oils 
(pH 7.5 to 9.0) such acids would be present as soaps. 

Oil O contained petroleum sulfonate and mineral oil. 
The oxidation of this oil by P. formicans was negligible 
although P. oleovorans attacked it readily. But P. 
oleovorans did not oxidize petroleum sulfonate and may, 
therefore, have been oxidizing the light mineral oil or 
perhaps some other component not mentioned by the 
manufacturer. 

The resistance of oil B to microbial oxidation by both 
species of bacteria indicates that no component is 
readily susceptible to microbial degradation, especially 
since the manufacturer stated that this oil contained 
no disinfactant. 

We are unaware, to date, of the susceptibility of pale 
oil (mineral oil) used in soluble oils to microbial oxida- 
tion. The necessity of getting the oil into a finely divided 
state in order to obtain comparative results in the rela- 
tively short time experiments in the Warburg respirom- 
eter entails the use of an emulsifying agent, and the 
introduction of an emulsifier introduces a variable 
factor. Preliminary attempts to utilize tris (poly- 
oxyethylene) sorbitan monooleate for an emulsifier in 
such experiments resulted in less oxidation in the system 
containing oil emulsified with this compound than when 
the polyoxyethylene sorbitan monooleate was used 
alone. Evidently, the emulsifier was rendered less sus- 
ceptible to oxidation in the presence of the oil. 

The rapid oxidation of any compound indicates that 
the compound is being used in part or in toto by the 
microorganism. Thus, any compound rapidly metab- 
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olized by bacteria would appear, a priori, unsuitable 
as a component of soluble oils. These experiments would 
indicate that petroleum sulfonates are the most suitable 
emulsifying agents, while oleates are not stable to 
microbial attack. Naphthenates and_ resinates are 
relatively resistant to microbial oxidation and appear 
more desirable than oleate. Polyoxyethylene sorbitan 
monooleate, although metabolized by bacteria from oi] 
emulsions, is of little consequence from an industrial 
standpoint because it is not widely used in oil formula- 
tions. 

The rapid microbial degradation of an emulsifying 
component may be of relatively little consequence if the 
oil is changed frequently and if there is an abundance of 
that component. But when an emulsion is used for g 
long period of time without adequate sanitation and an 
emulsifier component, readily oxidizable by microor- 
ganisms, is present in only small amounts, then one may 
expect breaking of the emulsion. 

The data reported here should not be misconstrued 
as evidence that petroleum sulfonates are totally re- 
sistant and that naphthenates and resinates are fairly 
resistant to microbial attack under all conditions. Lee 
and Chandler (1941) were able to grow P. oleovorans 
in a solution containing naphthenates as a sole source 
of carbon. It is quite possible that by using a mixed 
inoculum obtained from widely separated areas one 
could obtain, by selective enrichment, pure cultures 
capable of attacking the compounds which were re- 
sistant to oxidation by P. oleovorans and P. formicans. 
Also, short-term experiments, such as those used in 
this work, impose serious limitations. One can, however, 
readily determine those compounds which are rapidly 
oxidized. 
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SUMMARY 


Soluble oils and emulsifying agents were examined for 
their susceptibility to microbial oxidation by Pseu- 
domonas formicans and Pseudomonas oleovorans. The 
soluble oils varied in their susceptibility to oxida- 
tion and the bacteria varied in their capacity to oxidize 
a single soluble oil. Soluble oils containing oleates or 
fatty materials were readily oxidized. The emulsifying 
agents also varied in their susceptibility to microbial 
oxidation. Oleates and tris (polyoxyethylene) sorbitan 
monooleate were readily oxidized, but petroleum sul- 
fonates were resistant to attack under the conditions 
employed. Naphthenates and resinates appeared to be 
oxidized to a slight extent, but this may be due to other 
components naturally present in commercial samples. 
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Studies of environmental factors controlling the 
yields and rates of fermentation product formation 
usually involve extensive analytical work. Fortu- 
nately, it is possible to conduct lactic acid fermenta- 
tions in such a way that these data are automatically 
determined and recorded while the fermentations are 
in progress. This method has been used to observe 
the effect of pH on the rate of lactic acid production 
(Finn et al., 1950; Kempe et al., 1950) to assess the 
utility of gamma radiation for sterilizing fermentation 
media (Gillies, 1955). An extension of the procedure 
will facilitate collection of information concerning the 
effects of temperature, pH, osmotic pressure, and so 
forth on batch fermentations, and will simultaneously 
provide basic data for the study of continuous fer- 
mentations. This paper is concerned with the utiliza- 
tion of rate studies to determine the temperature 
coefficient of lactic acid production and the activation 
energy for this fermentation. 


MATERIALS AND METHODS 


The equipment used in this study was similar to that 
previously described by Finn e¢ al. (1950). However, 
modifications were included that permitted both 
sterilization of the fermentor and the introduction of 
sterile nutrilite solutions concurrently with a neutral- 
izing solution. 

Preparation for a fermentation involved placing 60 
ml of nutrient salt solutions (Kempe et al., 1950), 200 g 
of dextrose, 3930 ml of distilled water, and appropriate 
amounts of corn steep liquor concentrate in the Pyrex 
glass jar that served as a liner for the fermentor. All 
openings were then closed with cotton plugs or paper 
wrappings and the fermentor containing the mash 
was autoclaved at 15 psig steam pressure for 45 min. 
After cooling, the pH of the mash was aseptically ad- 
justed to a value slightly above 5.5. The pH electrodes 
were sterilized independently in a calcium hypo- 
chlorite solution and then were aseptically inserted 
into the cooled mash. 
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HOURS AFTER INOCULATION 
Fig. 1. Effect of manner of nutrilite addition on the in- 
stantaneous rate of lactic acid production by Lactobacillus 
delbrueckii. 


Sixty ml of a culture of Lactobacillus delbrueckii 
NRRL 445 A, growing in the exponential phase, were 
next aseptically injected into the mash to initiate 
fermentation. When the pure culture grew and _pro- 
duced acid, the automatic pH-regulating system caused 
a solution of 3.4 normal alkali to be pumped into the 
fermentor. This solution contained equimolar concen- 
trations of sodium hydroxide and potassium carbonate. 
As the alkali level dropped in the reservoir, a curve 
was produced on the kymograph chart. This curve 
showed the instantaneous rate of acid production by 
the fermentation. At pH 5.5 the amount of undissoci- 
ated lactic acid was negligible, and approximately 97 
per cent of the total acid produced was lactic acid. 
Therefore, the record of alkali level represented the 
total amount of lactic acid produced. Graphical dif- 
ferentiation of this curve yielded the instantaneous 
rate of lactic acid formation at any time during the 
fermentation. 

Provision was also made for the introduction of 
sterile corn steep liquor during the fermentation. This 
was accomplished by threading a sterile rubber tube 
from a nutrilite reservoir through the Sigmamotor 
pump that already carried a similar tube for pumping 
alkali into the mash. In this way, the corn steep liquor 
was fed into the fermenting mash in proportion to the 
volume of alkali used. 

RESULTS 

Comparisons of many lactic acid fermentations, con- 
ducted with constant pH and temperature conditions, 
showed two distinct patterns for changes in the in- 
stantaneous rate of lactic acid formation as a function 
of time. These patterns depended upon the manner of 
nutrilite addition. When all the mash components were 
present initially, the rate first increased to a maximum 
and then gradually decreased throughout the fer- 
mentation until the sugar was exhausted. This repre- 
sented unsteady state conditions. However, a different 
curve resulted when a portion of the corn steep liquor 
was incorporated in the original mash and the re- 
mainder was added concurrently with the alkali. Here, 
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TaBe 1. Rate of acid production for steady and unsteady state 
lactic acid fermentations 


MI of 3.4 N Alkali Added per Hr 


Hours after 
Inoculation 


| 
| Run 19 Run 20 
| (Steady state) (Unsteady state) 
0 | 0.0 0.0 
1 1.0 1.0 
2 3.0 | 2.0 
3 5.0 5.0 
4 9.0 10.0 
5 14.0 | 17.0 
6 20.0 28.0 
7 28.0 42.0 
8 35.0 54.0 
9g 45.0 59.0 
10 48.0 56.0 
11 47.0 50.0 
12 | 45.0 47.0 
13 | 42.0 44.0 
14 40.0 41.0 
15 40.0 39.0 
16 40.0 37.0 
17 40.0 35.0 
18 40.0 33.5 
19 40.0 32.0 
20 40.0 30.0 
21 40.0 0.0 
22 38.0 
23 0.0 


the rate first increased to a maximum as before and 
then decreased slightly. After this, the acid production 
rate stabilized at a constant value that was a function 
of the conditions of fermentation. This represented 
steady state conditions. Figure 1 and table 1 show 
experimental data for Runs 20 and 19 which demon- 
strate unsteady and steady state lactic acid fermenta- 
tions respectively. In Run 20, 3 per cent of corn steep 
liquor was incorporated into the initial mash while in 
Run 19, | per cent was present at the beginning and 2 
per cent was added during the fermentation. Thus, 
Runs 19 and 20 were identical except for the manner 
of nutrilite addition. 

The values for the rate of lactic acid production 
during the constant rate period in the steady state 
fermentations could be changed at will by altering the 
temperature of the mash. These variations provided 
data for calculation of the Qu coefficient and the activa- 
tion energy for the fermentation. 

For this purpose, fermentations similar to Run 19 
were carried out except that the temperature was pur- 
posely changed during what would otherwise have 
been the constant rate period of acid production. Run 
7 was such a fermentation. In this run, 200 g of sugar 
and 40 g of corn steep liquor concentrate were initially 
combined with distilled water and salt solution to 
prepare 4000 ml of media. During the fermentation, 
120 g of sterile corn steep liquor concentrate were 
aseptically added as a dilute solution. The pH was 
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Fic. 2. Effect of temperature on the rate of acid production 








by Lactobacillus delbrueckii when corn-steep liquor was intro- 
duced into the mash both initially and during the fermentation. 


controlled at 5.5 + 0.03 pH units. Table 2 and figure 2 
show the variations in the instantaneous rate of acid 
production which developed in the constant rate 
period when the fermentation temperature was changed 
during this run. 

Calculations': The over-all equation for the formation 
of lactic acid by homofermentative lactic acid bac- 
teria can be represented by 

CeHwOg SS 2CH; CHOHCOOH 
(A) (B) 

When (, is sufficiently large to saturate the enzyme 
systems involved, it can be considered as unity. Under 
‘, will not affect the rate of the reac- 
tion (Prutton and Maron, 1951) so: 


this condition, ¢ 


—dC, 7 
; =s LC’ os 
Ti kC K 


 —_ ie ee . 
But — - a 4 jn this fermentation is proportional to the 
rate of lactic acid formation so: 


_9 dC, 


—dC 4 
dt 7 dt 


Therefore, the value of AK was determined experi- 
mentally at different temperatures from: 


: 0.97SN 
1000V 

‘AE = activation energy, cal/g mole 
k = fermentation rate constant, 1/hr 
k, = fermentation rate constant at 7), 1/hr 
k. = fermentation rate constant at (7; + 10), 1/hr 
K = rate of lactic acid formation, g moles/hr/L 
N = normality of alkali 


R = gas constant, 1.987 cal/g moles/°K 


S = rate of addition of alkali, ml/hr 
T = absolute temperature, °K 
V = volume of media, fermented, L 


TABLE 2. Effect of temperature on the rate of acid production 
during the steady state in a lactic acid 
Fermentation—Run No. 7 


3.4 N Alkali Added per Hr 








Hours after Inoculation Temp 
Cc ml 
16 40.4 18.5 
17 40.4 18.5 
18 40.4 18.5 
19 | — 16.0 
20 36.8 15.0 
21 36.8 15.0 
22 — 14.0 
23 | _— 12.0 
24 32.8 10.0 
25 33.0 10.0 
26 32.0 10.0 
27 30.0 10.0 
28 _— 9.0 
29 _ 8.0 
30 30.0 7.0 
31 30.0 7.0 
32 30.0 7.0 
33 30.0 7.0 
34 — 6.0 
35 27.2 5.0 
36 25.1 5.0 
37 25.1 5.0 
38 25.1 5.0 


| o 
2 
| 


0.0 


TABLE 3. Variation of the constant rate of lactic acid production 
with temperature in Run No. 7 








Temperature Mash volume | K 
| 
K L moles of lactic acid/hr/L 
313.6 | 4.355 0.0140 
310.0 | 4.440 0.0112 
306.3 | 4.500 0.0074 
303.2 4.530 | 0.0051 


298.3 4.605 | 0.0036 


This assumed that 97 per cent of the acid formed was 
lactic acid (Gillies, 1955). 

The calculated values for K are shown in table 3 
and figure 3. Substitution of the value for the slope of 
the line (Prutton and Maron, 1951) from figure 3 
into the following equation 


slope = —4E 
stope ~ 2303R 


gave a value of 17,100 cal/g mole for AF. 
Using this value for AF and substituting in 


ky _ AE(T; — Ti) 


2 20; oF day ne eee 
2.303 log is RT.T, 


Qi was found to be 2.51 between 30 C and 40 C and 
2.64 between 30 C and 20 C. 
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Fig. 3. Arrhenius plot for the lactic acid fermentation. 


DISCUSSION 


The constant rate of lactic acid production that was 
developed when nutrilites were continuously added to 
the fermenting mash provided a sensitive tool for 
studying the effects of various environmental changes 
on this fermentation. The data showed that tempera- 
ture changes roughly doubled the instantaneous rate 
of lactic acid production for each 10 C rise in tempera- 
ture. Since the Qi values thus obtained were in the 
normal range for enzymatically catalyzed reactions, it 
was interesting to prepare the Arrhenius activation 
plot. Here the data produced a straight-line function 
over the feasible fermentation temperature range. 
This suggested that the same reactions were operative 
over the temperature interval that was studied. The 
calculations further suggested an activation energy of 
17,100 cal per g moles for this fermentation which is 
similar to those normally ascribed to biological reac- 
tions (Heilbrunn, 1952). The actual significance of the 
activation energy for a fermentation process consisting 
of many consecutive reactions is not entirely clear. If 
only one reaction were involved, the activation energy 
value would unquestionably be significant for this 
reaction. But even in the series of reactions that are 
involved here it is likely that the rate of the total 
process is regulated by the slowest reaction in the 
chain (Johnson, 1951). On this basis we can speak of 
the energy of activation of the lactic acid fermentation. 

The basic observation, that the rate of fermentation 
at controlled pH and temperature was a constant, pre- 
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dictable value when nutrilites were added continuously, 
provides a basis for the calculation of lactic acid yields 
in a continuous process. In such a system, the nutrilites 
could be added along with carbohydrate and other 
mash constituents and the fermented mash could be 
removed simultaneously. This would develop a typical 
continuous reactor system. 

The use of low nutrilite concentrations in the origing| 
mash has previously been shown to reduce the im. 
portance of side reactions and to increase the yield of 
lactic acid produced from sugar (Gillies, 1955; Kempe 
et al., 1950). However, low nutrilite concentrations also 
cause low rates of fermentation (Gillies, 1955; Kempe 
et al., 1950). It has been shown in this paper that the 
combination of low initial nutrilite concentration with 
continuous addition of such material causes a high 
over-all rate of lactic acid production. Further, it has 
been observed that nutrilite sources continually break 
down when present as dilute components of the mash, 
hence much of these usually expensive materials can 
be wasted (Kempe et al., 1950). Continuous addition of 
the nutrilite reduces this loss to a minimum. Henee, 
even in batch fermentations it is probable that proper 
combinations of initial and continuous growth factor 
additions would reduce the nutrilite cost and increase 
both the yield and rate of lactic acid production in the 
mashes. 


SUMMARY 


Steady state lactic acid fermentations can be used 
to determine the effect of temperature on the rate of 
lactic acid production. A Qi value of 2.5 between 30 C 
and 40 C and an activation energy of 17,100 cal per g 
moles were calculated for this fermentation. 
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It was reported from this laboratory that when the 
spores of Aspergillus niger are suspended in water some 
phosphates pass into solution (Bajaj et al., 1954). 
During subsequent investigations it was observed that 
the wash liquor obtained from the spores exerts an 
influence on the growth of the organism (Krishnan 
et al., 1954). Further investigations have now shown 
that the major part of the labile phosphate in the 
spore washings occurs in the form of metaphosphate, 
which has been isolated as the barium salt at acid pH 
(Wiame, 1949), identified by paper chromatography 
(Ebel, 1953), and assayed by the metachromatic reac- 
tion (Damle and Krishnan, 1954). A number of other 
phosphate compounds, both organic and inorganic, 
and containing stable and labile phosphate, are prob- 
ably also present, as shown by conventional barium 
fractionation studies (LePage and Umbreit, 1945); 
but it has not been possible to identify them with 
certainty in view of the minute concentrations in 
which they occur and the heavily pigmented nature of 
the solutions, which renders paper chromatographic 
identification uncertain. A quantitative estimate has 
been attempted of the amount of readily soluble 
phosphate present in a suspension of spores when 
collected by flooding and by suction (Krishnan et al., 
1954), and it has been shown that the phosphate, 
while forming an appreciable proportion of the total 
phosphate associated with the spores, constitutes but 
a fraction of the total solids present in the spore 
washings. 


MATERIALS AND METHODS 


Collection of the spores. Aspergillus niger strains 
NRRL 67 and NRRL 599 were grown on potato- 
dextrose-agar medium in 1-L Roux bottles and 14-cm 
Petri dishes. After 6 to 7 days’ incubation at room 
temperature (28 + 1 C) the spores were harvested 
either by flooding with water and gentle scraping or 
by the suction technique of McCallan and Wilcoxon 
(1936), in which the dry spores were sucked from the 
agar surface into water contained in vessels connected 
to a suction pump. The spore suspension was filtered 
by gravity in the cold through Whatman No. 1 filter 
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paper, and washed with water. The pigmented solu- 
tion has a pH of about 4 in the case of the spores 
collected by flooding, and of about 6 in the case of spores 
collected by suction. For use in the identification of 
the phosphate compounds, the solution was brought 
to pH of about 6.5 by the addition of dilute alkali, 
rapidly heated to boiling, chilled, and concentrated 
in vacuo at a bath temperature not exceeding 40 C in 
an all-glass distillation still, with a distillation capacity 
of 1 L of water per hr. Use of higher temperatures, or 
of distillation units of low efficiency, led to a certain 
degree of decomposition of the labile phosphate com- 
pounds. Solid material separating during the concentra- 
tion was removed by filtration and discarded, since it 
contained only small amounts of phosphorus. The 
filtrate was further concentrated to give a solution 
containing about 1 mg phosphate per ml. When, how- 
ever, it was desired to estimate the total solids and the 
ash content, the spore filtrates were not neutralized 
but were directly concentrated. The solids separating 
during the concentration were not removed, aliquots 
of the final suspension being used for dry weight de- 
termination and ashing. 

The spores were scraped from the filter paper, and 
either rapidly dried in vacuo over repeated changes of 
P.O; or stored frozen for 24 hr and dehydrated and 
depigmented by prolonged washing with anhydrous 
acetone in the centrifuge. Samples of the dried spores 
were suspended in water and the counts made after 
homogenizing with a few drops of the anionic detergent, 
Triton X. It was thus possible to calculate the amount 
of phosphate and other soluble material present in 
solution in the spore suspension used for inoculation. 
Eight million conidia, contained in a 2-ml suspension, 
were generally employed for inoculating a - 50-ml 
culture medium. 

Barium precipitation of metaphosphate and pyro- 
phosphate. In view of the known occurrence of meta- 
phosphate and pyrophosphate in the mycelium of 
A. niger (Mann, 1944), one would anticipate the 
presence of these condensed phosphates in the spore 
washings. A certain amount of confusion exists in 
literature regarding the specificity of the precipitation 
of metaphosphate and pyrophosphate by barium ions. 
According to Wiame (1949), the material which is 
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TaBLE 1. Barium precipitation of metaphosphate and pyro- 


phosphate 
Metaphosphate | Pyrophosphate 
Total Recovery of phosphate Total Recovery of phosphate 
phosphate | | phosphate : 
inSml | pH2.5 pH4.s | insml pH2.5 | pH4.s 
ug | per cent percent | ug per cent per cent 
| 
150 | 77.2 77.6 147 0 | 81.0 
375 | 75.5 | 79.1 | 29 | O | 94.0 
750 73.3 | 83.4 620 | O | 
1500 | 80.0 | 81.1 1437 | O85 | 103.2 
7500 | ie | §81.0 


precipitated at pH 4.5 is composed exclusively of 
metaphosphate. The experiments of Ebel (1952) raise 
doubts as to the validity of this assumption and indi- 
cate that the lower molecular polyphosphates also are 
precipitated at pH 4.5, whereas at pH 2.5 the high 
molecular polyphosphates alone are precipitated. 
Albaum and co-workers (1950) reported the presence 
of pyrophosphate in addition to metaphosphate in the 
barium precipitate of extracts of Euglena at a pH as 
low as 1. Experiments were therefore carried out to 
follow the precipitation, singly, of metaphosphate and 
pyrophosphate, at various levels of phosphate, and by 
barium at pH 2.5 and pH 4.5. Five ml of the phosphate 
solution were mixed with 1 ml of concentrated buffer 
(2 m KCI-HCl and 5 acetate) of the desired pH, and 
0.5 ml of saturated BaCl, was added with stirring. The 
mixture was allowed to stand overnight in the cold, 
centrifuged, washed, and the phosphate estimated in 
the precipitate by the isobutanol extraction method 
(Bajaj and Krishnan, 1953) after digestion with 
H.SO,. The analytical data are recorded in table 1. 
The data in table 1 show that metaphosphate is pre- 
cipitated by barium ions at pH 2.5 as well as at pH 4.5. 
(The fact that only 77 to 80 per cent of the total 
phosphate is precipitated at either pH is due, probably, 
to the presence of contaminants in the commercial 
sample of Graham’s salt used in the experiments.) 
Pyrophosphate, on the other hand, does not pre- 
cipitate at pH 2.5 even when present in concentrations 
of about 250 ug per ml, but is more or léss quanti- 
tatively precipitated at pH 4.5. Therefore, when 
barium precipitation is carried out on a mixture of 
metaphosphate and pyrophosphate, the precipitate 
formed at pH 4.5 can be expected to contain both meta- 
phosphates and pyrophosphates; if the precipitation is 
first carried out at pH 2.5, metaphosphate alone will 
be precipitated. In actual practice the conditions 
worked out singly for pure solutions may not hold 
good for a complex mixture and one can expect con- 
tamination of the 2 fractions. It may be recalled in 
this connection that Yoshida and Yamataka (1953) 
and Barker and Kornberg (1954) have reported the 
precipitation by barium ions of adenosine triphosphate 
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along with metaphosphate at pH 4.5, although the 
former, when present in pure solution, precipitates 
only at higher pH. 

Nature of the labile phosphate in the spore washings, 
The extracts prepared from different batches of spores 
of the same strain showed variation with respect to 
the distribution of the phosphate into ortho, labile. 
and stable fractions. In the earlier stages of the experi- 
ments, the vacuum distillations were carried out at a 
bath temperature of 50 C in a unit with distilling 
capacity of about 200 ml of water per hr; the resulting 
concentrates from the 2 strains were found to contain 
about 70 per cent orthophosphate and 20 per cent 
labile phosphate, the rest being stable phosphate, 
Working with an all-glass distillation unit, with an 
efficiency of distillation of about 1 L of water per hour 
at a bath temperature of about 40 C, a batch of the 
spore filtrate from strain NRRL 599 yielded a con- 
centrate analyzing about 53 per cent for labile phos- 
phate. Aliquots of this solution were subjected to barium 
fractionation. The conventional procedure (LePage 
and Umbreit, 1945) was modified to include barium 
precipitation at pH 2.5 and 4.5 on separate samples 
as the first step. After centrifugation of the precipitates, 
the supernatants were brought to pH 8.2 and the 
barium-insoluble fraction was removed. The super- 
natant was worked up for the barium-soluble/alcohol- 
insoluble and the barium-soluble/alcohol-soluble frac- 
tions in the usual manner. The various — barium 
precipitates were decomposed by overnight contact 
exchange with Amberlite IR-120 (Damle and Krishnan, 
1954). Small amounts of undecomposed material were 
discarded. Ortho phosphate and labile phosphate (that 
is, phosphorus hydrolyzed in 10 min) were estimated by 
the isobutanol extraction method (Bajaj and Krishnan, 
1953). The data obtained are recorded in table 2. 

It is obvious from the data in table 2 that the major 
part of the labile phosphate is precipitated in the 
barium precipitates at pH 2.5 and 4.5. Over 90 per 
cent of the total phosphate in the 2 solutions obtained 
by ion exchange decomposition of the precipitates was 
in the ortho form on hydrolysis for 10 min with | N 
acid at the temperature of boiling water. Since the 
proportion of the total phosphate precipitating at pH 
2.5 and 4.5 is more or less the same, and the adjustment 
of the pH of the supernatant from the pH 2.5 precipi- 
tate to pH 4.5 does not lead to any significant addi- 
tional precipitation of phosphate, it may be concluded 
that pyrophosphate is not present and that the barium 
precipitates at pH 2.5 and 4.5 are composed of meta- 
phosphate. Paper chromatographic examination (Ebel, 
1953) of the 2 solutions showed that the principal 
component was metaphosphate, and that orthophos- 
phate was present in small amounts. The typical spot 
due to pyrophosphate was absent. Metachromatic 
assay (Damle and Krishnan, 1954), using a sample of 
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TasLE 2. Barium fractionation of the phosphate compounds 
in spore washings 
Series 1 | Series 2 


| ug phasbhate 
Total phosphate in starting sample | 2040 2630 
Ba precipitate at pH 2.5 


Total phosphate................. 990 
Ortho phosphate................. 68 | 
iabile phosphate...........5.... 842 
Stable phosphate................ 80 
Ba precipitate between pH 2.5 and | 
4.5 | | 
Total phosphate Negligible | 
Ba precipitate at pH 4.5 
Total phosphate =; 1416 
Ortho phosphate Pepe 215 
Labile phosphate : 1152 
Stable phosphate ee, Bee. 49 
Ba precipitate between pH 4.5 and 
pH 8.2 
Total phosphate 604 756 
Ortho phosphate eee 425 482 
Labile phosphate ‘ ; 179 269 
Stable phosphate ; 0 8 
Ba-soluble, alcohol-insoluble 
Total phosphate 81 99 
Ortho phosphate 13 26 
Labile phosphate x 24 59 
Stable phosphate Ad 14 
Ba-soluble, aleohol-insoluble 
Total phosphate of Trace Traces 
Total phosphate recovered, per cent. 82 87 


Graham’s salt? as the standard and calculated on the 
basis of its reaction time, showed that the precipitate 
contained 606 wg of metaphosphate at pH 2.5 and 750 
ug of metaphosphate at pH 4.5. 

The material precipitating between pH 4.5 and 8.2 
is made up of inorganic phosphate with some labile 
phosphate. Stable phosphate could not be detected, 
indicating the absence in significant amounts of 
adenosine triphosphate and adenosine diphosphate. 
The barium-soluble/alcohol-insoluble fraction con- 
tained small amounts of phosphate and the barium- 
soluble/aleohol-soluble fraction contained traces. The 
losses during fractionation (14 to 18 per cent) are 
believed to be due mostly to rejection of the unde- 
composed resulting in treatment of the 
barium precipitates with ion exchange resin. 

Amount of phosphate and other soluble material derived 


material 


from the sporulation medium. The material dissolving 


from potato-dextrose-agar slants assumes significance 
when the spores are collected by the flooding tech- 
nique. About 100 ml of the melted medium was poured 
into each of a number of Roux bottles and sterilized by 
autoclaving. On solidification about 100 ml of water 
was added to each slant and the solution was drained 
away at the end of 15 to 30 sec. The extracts from a 


2. Merck, Darmstadt, Germany. 


number of slants were pooled and analyzed. Assuming 
that during the process of inoculation 2 ml of such a 
solution will be added along with 8 million conidia to 
the 50-ml culture solution, it was calculated that the 
sporulation medium would contribute 2.9 mg of dry 
solids, 190 wg of ash and 6 yg of phosphate. These 
figures should be considered to be a gross maximum 
since, during the normal process of collection of the 
spores by flooding, the exposed surface area of the 
slants would be small due to overgrowth of the my- 
celium; also, the growing mycelium would use up the 
nutrients in the top layer of the solid medium. 

Fractionation of the phosphate showed that there 
was negligible labile phosphate, 14 to 18 per cent was 
in a stable form, and the rest orthophosphate. Since 
agar as such was found not to contain any soluble 
phosphate, the material present in the extract of the 
sporulation medium must have been derived entirely 
from the potatoes. 

Soluble material associated with suction-collected 
spores. The spore mass collected by suction may be 
considered to be the closest approach to uncontam- 
inated spores. Analysis of the wash liquid derived 
from the suction-collected spores of strain NRRL 67 
showed that 2 ml of a spore suspension, with 8 million 
conidia, contains in solution 115 yg of dry solids, 1.6 
ug of ash and 0.2 to 0.4 wg of total phosphate. The 
spore filtrate obtained during large scale collection of 
spores of the same strain by the suction technique was 
concentrated and fractionated for phosphorus and 
found to contain 18 per cent labile, 8 per cent stable, 
and 74 per cent orthophosphate. 

Soluble material associated with spores collected by 
flooding. When the spores are collected from the agar 
slants by the addition of water and gentle scraping, the 
mycelial surface and any exposed agar surface would 
also contribute soluble material. In a typical experi- 
ment it was found that 2 ml of such a suspension from 
strain NRRL 67, with 8 million conidia, contains in 
solution 270 ug of dry solids, 32 ug of ash, and 1.1 pug 
of phosphate. Since 8 million conidia of strain NRRL 67 
have a dry weight of about 1,500 ug, it will be seen 
that the total solid and the ash present in the solution 
assume considerable significance from the point of 
view of the nutrition of the germinating spores. Since 
1,500 ug dry weight of the spores of strain MRRL 67 
contains about 10 ug of total phosphate, the phosphate 
present in solution constitutes about a tenth of that 
of the washed spores. Data reported in an earlier 
section show that about 50 per cent of the total phos- 
phate in the washings of spores collected by flooding 
is in a labile form. Whether the phosphorylated com- 
pounds present in solution in the spore suspension 
play any role in the germination of the spores is un- 
certain. It may, however, be pointed out that, since 
50 ml of Currie’s culture solution contains 11.4 mg of 








* w«~ 


182 P. S. KRISHNAN 


phosphate, the spore inoculum contributes negligible 
amounts of orthophosphate for the growth of the 
organism. 
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SUMMARY 


Metaphosphate has been identified in the aqueous 
extracts of the spores of Aspergillus niger, and shown 
to account for the major part of the labile phosphate 
present in the spore extracts. It is believed that meta- 
phosphate functions as the energy reservoir in micro- 
organisms. It is uncertain whether it occupies an ex- 
posed position on the spore surface or the conidiophore, 
and what role, if any, it plays in the germination of 
the spores. Besides the phosphates, the spore extracts 
contain other dissolved material. 
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The antimicrobial activity of 8-quinolinol (oxine) has 
been known and applied for many years, and the 
literature has already been discussed (Block, 1955). 
In more recent times, however, the nature of the 
activity has received attention. McCallan and Well- 
man (1942) reported oxine to be highly fungistatic to 
four fungi but to possess scarcely any fungicidal 
properties. Mason (1948) employing the same _pro- 
cedure but a different fungus, found oxine, as well as 
its halogenated derivatives and their copper chelates, 
to be fungicidal. Albert et al. (1953), working with 
bacteria, hold still a different view. They consider 
oxine itself to be nontoxic but the iron or copper 
oxinates (Fe or Cu-8-quinolinolates) formed by reac- 
tion with traces of these metals in the medium to be 
highly bactericidal. In a medium depleted of these 
metals, oxine had no antibacterial activity. When iron 
and copper salts in subtoxic levels were added to this 
medium, it became highly bactericidal. In the following 
report the author has attempted to determine whether 
oxine is toxic to fungi and if so, whether it and its 
copper chelate are fungistatic or fungicidal. 


MATERIALS AND METHODS 


In order to distinguish whether oxine itself or its 
chelates, which result from reaction with metal ions 
in the medium, are responsible for the fungitoxic 
activity of oxine media, the medium was made up 
without adding chelating metals and was treated to 
remove traces of metals already present. Dextrose, de- 
ionized water, sodium and potassium salts, and pow- 
dered agar which was washed with cold water were 
used. The hot molten agar was extracted 5 times with 
oxine in chloroform to remove chelating metals ac- 
cording to the method of Waring and Werkman (1942), 
as employed by Rubbo et al. (1950). After extraction, 
the molten agar was washed thoroughly to remove 
oxine and any chelates that might be present. At this 
point, oxine was added in measured quantities to give 
concentrations of 10-* to 10-7 m in the agar. The oxine 
that was used was purified by recrystallization. The 
agar was then poured into Petri dishes and was in- 
oculated with spores of Aspergillus niger which had 
been washed and centrifuged twice. 


‘Work conducted as part of a research contract sponsored 
and supported by the Corps of Engineers, U. S. Army, Fort 
Belvoir, Va. 
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To simplify the above medium even further, and to 
eliminate the extraction of the hot agar solution, the 
same medium was made up with the elimination of 
the agar, and was extracted 3 times with oxine in the 
manner described. Oxine was added and the medium, 
in flasks, was inoculated with A. niger and shaken on a 
shaking machine. Data on the growth of the fungus in 
both the liquid and agar media, with and without ex- 
traction, are presented in table 1. 


TABLE 1. The effect of extraction of the medium to remove chelat- 
ing metals on the toxicity of oxine to Aspergillus niger 


Agar Medium Growth Liquid Medium Growth 


























Oxine (Per Cent of Control) 
Concentration 2 ee ee ee 
| Not extracted | 5 extractions | Not extracted | 3 extractions 
u | | | 

None 100 100 | Moderate Light 
10-5 100 96 | Moderate | Light 
10 20 0 | Moderate | = Light 
10-3 0 0 None None 
10-2 0 0 None None 





EXPERIMENTAL RESULTS 


From table 1 it is evident that extraction to remove 
chelating metals did not lower the fungitoxicity of the 
oxine media. If anything, the fungus on the extracted 
medium was somewhat more sensitive to the oxine. It 
is true that the medium of Rubbo et al. (1950) was 
extracted 10 times, as contrasted to 5 times and 3 
times with our media. It should be noted, however, that 
their medium contained complex organic nutrients 
such as beef extract which would be much more dif- 
ficult to free of metals than the media, made up essen- 
tially of simple, pure compounds, which were employed 
in this work. Nevertheless, to make the matter quite 
clear, an even more simple system than those described 
was used. A system with just fungus, oxine, and water 
was considered ideal to demonstrate the point. 

The spores of several species of fungi were tested for 
germination in distilled water and, although some of 
them germinated directly on being removed from the 
culture slants, they failed to germinate after being 
washed with water and centrifuged 2 times. Dr. Paul 
Marsh of the U. S. Department of Agriculture sug- 
gested Curvularia lunata as an organism which would 
germinate in pure water without the assistance of 
stimulatory compounds. This fungus was tested and 





184 8. 8. BLOCK 


it was found that the spores did germinate in distilled 
water, although not 100 per cent, and the hyphae 
produced were very short. The response, nevertheless, 
was certainly adequate to demonstrate toxicity. In the 
presence of a germination stimulant consisting of a 
filtered 0.1 per cent solution of orange juice in water, 
there was 100 per cent germination of the spores and 
the hyphae were estimated as approximately 6 times 
as long as in the distilled water in the same length of 
time. 

In order to purify the water employed in the experi- 
ment, distilled water was passed through a mixed bed 
deionizer and, following that, was distilled in a Pyrex 
glass still. Spores of C. lunata, obtained from potato- 
dextrose agar slants, were alternately washed and 
centrifuged 3 times, using this water. It was thought 
that the oxine might carry metal impurities into the 
system, therefore the recrystallized oxine was further 
purified by sublimation to yield fine, white crystals. A 
saturated solution of oxine in water (4 X 107° M) was 
prepared, and to this, as well as to the water alone, 
were added the washed Curvularia spores. Spores were 
also added to a 0.1 per cent orange juice solution and 
to a similar solution containing 4 X 10~* mM oxine. Drops 
of the solutions with the spores were applied to vinyl 
plastic slides and incubated for 24 hr. The results of 
this experiment, given in table 2, provide further evi- 
dence that oxine, alone, without its metal chelates, is 
fungitoxic. In the work of Rubbo et al. (1950), oxine 
at a concentration of 10-° m was inhibitory to Micro- 
coccus pyogenes var. aureus but, after depleting the 
medium of chelating metals, there was no inhibition of 
growth at 2.5 X 107° Mm. As seen in table 2, there was 
complete inhibition of germination of C. lunata spores 
with 4 X 10-* m oxine in the system of spores, water, 
and oxine. 

Although metals have been carefully removed from 
the media and the surface of the spores, there are metals 
within the spores as constituents of the proteins that 
would not be removed by washing. In view of this, the 
question that arises is whether oxine is toxic, per se, 
or whether it combines with these intracellular metals 
to manifest its toxicity. Although the data presented 
herein cannot answer this question, there are two factors 
which seem to oppose the proposition that oxine owes 
its toxicity to combination with the metals within the 


TABLE 2. The effect of oxine on the germination of Curvularia 
lunata spores 
Per Cent of Spores 


Oxine Concentration Germination Medium 


Germinated 
M 
0 Water 85 
4X 10-3 Water 0 
0 Stimulant | 100 
4X 10° 


Stimulant 0 


[voL, 4 


spore. The first is that one should find these metals jy 
the bacteria studied by Rubbo et al. (1950), but they 
bacteria were not inhibited by oxine when the externg| 
source of metals was depleted. The second factor is the 
reversal of the toxicity due to metal oxinates by exces 
oxine. This was demonstrated with bacteria (Albert 
et al., 1953). If metal oxinates are produced by the 
reaction of oxine with the metals within the spore, 
the large excess of oxine present, if nontoxic, would 
be expected to nullify the toxic effect of the small 
concentration of metal oxinates. 

Being reasonably satisfied that oxine is toxic to fungi, 
it remained to be determined whether it is lethal or 
merely inhibitory. An experiment was performed jy 
which spores of A. niger and C. lunata were immersed jn 
4 X 10 o oxine for 24 hr, after which they were given 
successive washings with water and tested for germina. 
tion in the orange juice stimulant solution. In addition 
to testing the spores for germination after repeated 
washings, some of them were immersed in a 107 y 
solution of copper acetate and then tested for germina- 
tion. This concentration of copper acetate was found 
to be nontoxic; therefore, any inhibition of germination 
treater than that obtained without the copper acetate 
treatment could be attributed to the formation of cop- 
per oxinate (copper-8-quinolinolate), which is about 100 
times more toxic than oxine (Block 1955). This pro- 
cedure would provide an indication of the residual 
oxine in or on the spores after washing. 

The experimental findings (table 3) show that oxine 
is fungistatic rather than fungicidal for, although there 
was no germination in the presence of the compound, 
after its removal with water the spores germinated 
normally—proving that they had not been killed after 
1 day’s contact with oxine. The gradual removal of 
oxine from the spores with progressive washing is 
demonstrated by the short length of the hyphae after 
the first and second washings, even though all the 
spores had germinated. The presence of residual oxine 


TABLE 3. The effect of successive washings on the toxicity of oxine 
spores immersed in 4 X 10-3 w oxine for 24 hours 


After Treatment with 107‘ 


Copper Acetate 


Aspergillus Curvularia 


| 
No. of niger lunata ; : ; 
Washngs | Aspergillus | Curvularia 
with | niger | lunata 
Water | 


Per cent! Length lPer cent! Length |Per cent| Length |Per ad Length 
| germi- | of | germi- of germi- of | germi- | of 
| nation |hyphae*| nation | hyphae | nation | hyphae} nation | hyphae 
} } | 
| | 
o | Of o | of o | — | - on 
I 100 5x | 100 | 3x] 0 | 0 0 | 0 
2 100 | 20 | 100 | 10x | 40 3x 0 0 
3 100 | 20X | 100 | 20x | 65 5X | 48 | 10x 
5 100 | 20K | 100 | 20x 95 | 10 | 90 20X 
| | | i 








| 
| 
| 


* The average length of the hyphae was estimated as the 
number of times it exceeded the length of the spore. 20 was 
the maximum length that could be estimated and indicates 
no inhibition. 


° 








1956] 


after SEV 
where tl 
Althoug! 
it is alse 
the spor 
perimen 
Whatev 
in mani 
ys the d 
Alber 
hacteric 
insolubl 
ordinar 
fungists 
(MeCal 
which 
from tk 
Several 
hydroft 
used te 
toxle | 
dissolv 
factory 
This d 
to the 
Spot 
107 M 
The s] 
Consic 
movin 
that 1 
medit 
wash 
ing a 
the s] 
to be 
germ) 
per ¢ 
coppr 
It 
been 
lipid: 
to e1 
solut 
eithe 
aque 
mers 
plac 
whit 
that 
fung 
funs 
aro 
It y 
fun 
C 





TOL, 4 


als in 
these 
ernal 
Is the 
XCEgs 
\ Ibert 
y the 
spore, 
vould 
small 


ungi, 
al or 
ad in 
ed in 
rive) 
nina- 
lition 
pated 
ty 
nina- 
ound 
ation 
etate 
COD 
t 100 
pro- 
idual 


oxine 
there 
yund, 
ated 
after 
al of 
ig is 
after 

the 


yxine 


oxine 


On 


ria 
a 


ength 
0 
yphae 





1956] 8-QUINOLINOL AND FUNGI 185 


after several washings is even more strikingly revealed 
where the spores were treated with copper acetate. 
Although oxine has an appreciable solubility in water, 
it is also quite soluble in oily solvents such as exist in 
the spore, as has been shown by oil-water partition ex- 
periments that the writer has performed (Block, 1955). 
Whatever the linkages that bind oxine to the cell tissue 
in manifesting its toxicity, the reaction is reversible, 
ys the data reveal. 

Albert et al. (1953) found copper oxinate to be highly 
bactericidal. Is it also fungicidal? Copper oxinate is so 
insoluble in water that it cannot be subjected to the 
ordinary test which differentiates fungicidal from 
fungistatic activity by washing the spores in water 
(McCallan and Wellman, 1942). A solvent was sought 
which would dissolve copper oxinate and remove it 
from the presence of the spores without harming them. 
Several acetone, and_ tetra- 
hydrofurfuryl alcohol—were mixed with water and 
used to wash the spores, but these proved to be too 
toxic when employed in sufficient concentration to 
dissolve copper oxinate. A solvent found to be satis- 
factory was Ocenol, a technical grade of oleyl alcohol. 
This dissolved copper oxinate and was not inhibitory 
to the spores. 

Spores of A. niger were suspended in 10-* m and 
10“ m solutions of copper oxinate in Ocenol for 24 hr. 
The spores were centrifuged and the Ocenol decanted. 
Considerable difficulty was then encountered in re- 
moving the coating of oily Ocenol from the spores so 
that they would suspend in the aqueous germination 
medium. The best method ultimately found was to 
wash the oily spores with pentane and to decant, allow- 
ing any remaining pentane to evaporate and leaving 
the spores dry and clean. The pentane itself was found 
to be nontoxic. The spores were then suspended in the 
germination medium with the result that there was 100 
per cent germination with both the 10-* and 10-* m 
copper oxinate. 

It was considered that the copper oxinate might have 
been preferentially soluble in the Ocenol over the cell 
lipids, thereby preventing sufficient copper oxinate 
to enter the spores. If this were correct, these Ocenol 
solutions of copper oxinate would not be fungistatic 
either. Since the spores would not germinate in a non- 
aqueous medium, the fungistatic test was run by im- 
mersing dises of filter paper in the Ocenol solutions and 
placing these on mineral salts-dextrose agar plates 
which had been inoculated with A. niger. It was found 
that 10-* m copper oxinate in Ocenol was only slightly 
fungistatic but that the 10-* m solution was highly 
fungistatic. No growth was noted in a small area 
around the paper disc treated with the 10~* m solution. 
It would thus appear that copper oxinate is inherently 
fungistatic rather than fungicidal. 

Confirmation of the fungistatic rather than fungi- 


solvents—isopropanol, 


cidal activity of copper oxinate was determined by the 
following experiment. Spores of A. niger were immersed 
in 10-*, 10-%, 10-4, and 10-° m suspensions of copper 
oxinate in water for 24 hr. They were then centrifuged 
and the aqueous portion decanted. Following this the 
spores were washed twice with 0.1 N HCl and then twice 
with water, centrifuging and decanting after each wash- 
ing. Since copper oxinate is readily soluble in 0.1 N 
HCl, it would be removed from the cells; if the spores 
had not been killed, but only inhibited, they would 
germinate. The acid itself did not kill the spores of 
A. niger. After these washings, when the spores were 
put into the germination medium, they gave 100 per 
cent germination—thus demonstrating that copper 
oxinate, like oxine, acts fungistatically rather than 
fungicidally toward A. nager. 

The difference between fungistatic and fungicidal 

activity is sometimes thought not to be the result of 
different modes of action but to be the effect of dif- 
ferent rates of reaction. Thus if the reaction between 
toxicant and fungus is slow, the compound can be 
removed before the spores are killed and the compound 
is said to act fungistatically, whereas in a rapid reaction 
the spores would be killed in the same length of time 
and the compound would be fungicidal. If the reaction 
is truly reversible but the compound is kept in contact 
with the fungus for a sufficiently long time to interfere 
with the normal metabolism necessary to sustain life, 
the compound would also appear to be fungicidal. The 
lines of demarcation between fungistatic and fungicidal 
activity are, therefore, not rigid. The time of 24 hours 
as the period of contact between compound and spores 
employed in this work seemed adequately long; never- 
theless, an experiment was run allowing 10 days’ 
contact between the spores of A. niger and copper 
oxinate. The spores were then washed with 0.1 n HCl, 
as described, and transferred to the germination 
medium. There was practically complete germination 
of the spores. A similar instance where a compound has 
been shown to act only fungistatically occurred in the 
vase of mercury salts on bacteria (Brewer 1948). When 
hemolytic streptococci treated with mercurochrome 
were injected into mice none of the mice died. When a 
like group receiving the treated bacteria were subse- 
quently inoculated with dimercaptopropanol all the 
mice died of bacterial infection. The mercury combined 
with the dimercaptopropanol in preference to the cell 
constituents and the cells were restored to their former 
viability. 

It may be that copper oxinate reacts with a system 
in Micrococcus pyogenes var. aureus which produces an 
irreversible bonding, as in the case reported (Albert 
et al., 1953), whereas with A. niger a different system, 
which is reversible, is reacted. From the standpoint of 
practice, however, the distinction between fungistatic 
and fungicidal activity is of little consequence. for, in 
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most instances, it is necessary only to deter the activity 
of the microorganisms, whether they are killed or simply 
restrained. 


SUMMARY 


This study was undertaken to determine whether 
8-quinolinol (oxine) is toxic to fungi or whether the 
toxicity results from metal chelates derived from the 
reaction of oxine with metal salts in the medium. It 
was desired to learn, furthermore, whether oxine and 
copper oxinate (copper-8-quinolinolate) act 
statically or fungicidally. 

Oxine and spores of Aspergillus niger were added to 
solutions which had been specially purified to remove 
chelating metals. The oxine completely suppressed 
germination of the spores and growth of the fungi, 
demonstrating that it is inherently fungitoxic. 

In order to ascertain whether the toxic action was 
fungistatic or fungicidal, spores were immersed in an 
inhibitory solution of oxine for 24 hr, after which they 
were successively washed with water. The restoration 
of the full power of the fungus to germinate and grow 
indicated that the action of oxine is fungistatic rather 
than fungicidal. The gradual removal of the oxine 
from the spores with the repeated washings was shown 
by treating the washed spores with a subtoxie concen- 
tration of copper acetate. The copper acetate was 
added to react with the residual oxine to produce 
copper oxinate, which is 100 times as toxic as oxine. 
Thus, after 3 washings there was complete germination 
and growth without the added copper, but inhibition 
of the fungus resulted when copper acetate was applied 


fungi- 
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to the washed spores to indicate the presence of any 
remaining oxine. ' 

Because of its low water solubility, copper oxinate 
was dissolved in oleyl alcohol to which spores were 
added. After 24 hr the oleyl alcohol solution was pp. 
moved, the spores washed with pentane and _ they 
added to an aqueous medium, where they gave 100 per 
cent germination. Further evidence of the fungistatie. 
rather than the fungicidal, action of copper oxinate 
was obtained by washing copper-oxinate-treated spores 
with 0.1 N HCl, whereupon they regained their activity, 
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F. L Haas, T. A. Pueuisi, A. J. Moses, anp J. Len 


Research Division, Bristol Laboratories Inc., Syracuse, New York 


Received for publication February 27, 1956 


Physiological degeneration of fungus cultures has 
long been a problem encountered in industrial fermen- 
tations. This has been no less true of antibiotic fermen- 
tations than of the older ones. Degeneration in anti- 
biotic-producing cultures is usually accompanied by a 
number of cultural and biochemical changes, some of 
which may be correlated in a general way with reduction 
in antibiotic production by the specific culture. How- 
ever, a given change is usually an indicator of physio- 
logical degeneration only in the case of a specific strain 
cultured and fermented under a specific set of condi- 
tions. For example, Foster et al. (1943) and Foster 
(1949) find that physiological degeneration usually is 
accompanied by reduction in sporulation and advise 
that a minimum number of transfers from heavily 
sporulating isolates should be used as inoculum. On the 
other hand, Whiffen and Savage (1947) found that 
sporulation itself was a factor promoting “‘penicillin 
rundown” (the term given by them to physiological 
degeneration in regard to penicillin production), and 
that rundown did not occur over as many as 50 consecu- 
tive vegetative transfers if all sporulation was _ pre- 
vented. In our experiments we find that even spore-to- 
spore transfers over more than 25 serial transfers will 
not promote rundown, provided a rigid system of 
selection is available and utilized. Other seemingly 
conflicting reports are quite common for penicillin and 
other antibiotic fermentations. 

It is generally thought that changes in the strain 
leading to physiological degeneration are of genetic 
origin arising as gene mutations somewhere in the 
history of the strain. However, the general mechanism 
by which these changes are disseminated and preserved 
in the mold cultures and the possible role of hetero- 
karyosis in physiological degeneration, have not been 
considered in detail in relation to industrial fermenta- 
tions. 

Many genetically controlled changes are scattered 
and preserved in most of the Fungi Imperfecti, as well 
as in many of those having a perfect stage, by hetero- 
karyosis. Hyphae of the same or different strains form 
anastomoses to initiate this process. This is followed 
by nuclear migration across the anastomoses, subse- 
quent mixing of nuclear types within the same hyphae 
and, finally, adjustment of nuclear numbers of the 
two types within the mycelia to a ratio which affords 
the maximum growth rate under the immediate en- 
vironmental conditions. 
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Jinks (1952a, 1952b) found that most Penicilliwm 
strains isolated from natural sources (soil and decaying 
vegetable matter) were stable heterokaryons. He was 
also able clearly to demonstrate that such a stable 
heterokaryon had a growth rate superior to those of its 
homokaryotic component strains. Whenever a com- 
ponent strain attained a growth rate superior to that 
of the heterokaryon the heterokaryon would break down 
and at least one pure homokaryotic strain developed 
in mixture with the heterokaryon. Thus heterokaryon 
stability and breakdown appear to follow the growth 
rate theory of heterokaryosis advanced by Beadle and 
Coonradt (1944) for Neurospora. 

Proof that heterokaryosis occurs in Penicilliwm, and 
the mechanics of nuclear behavior (migration and 
mixing) at heterokaryon formation, have been presented 
by Baker (1944) and by Pontecorvo and Gemmell 
(1944a, 1944b). The mechanics are the same as given 
by Hansen (1938, 1942), Hansen et al. (1932, 1943), 
Dodge (1942), Dowding and Buller (1940), and Beadle 
and Coonradt (1944) for a number of other fungi. 
Heterokaryosis has since been demonstrated in Pent- 
cilium many times, but to our knowledge the role 
played by this process in influencing fermentation- 
production yields has not been presented. Certain 
results of Foster et al. (1943) could be interpreted as 
showing the effect of heterokaryosis in causing penicillin 
rundown, but this possibility was not investigated. 

One of the strains studied by us was Wisconsin 50- 
935 (see Campbell and Curtis, 1952, for origin and 
history). Some mutants obtained from this strain were 
excellent for a study of the role of heterokaryosis in 
penicillin rundown, since they coupled distinct cultural 
characters with characteristic fermentation yields of 
penicillin. They also proved of value in studying the 
variation pattern which has been observed in all of the 
Wisconsin series since Q-176. This paper presents the 
results of a series of experiments with these mutants 
designed to test the effects of heterokaryosis on peni- 
cillin yields, its involvement in penicillin rundown, and 
the origin of different strains observed in the normal 
population of strain W50-935. 


MATERIALS AND METHODS 


The following Penicillium strains were used in the 
experiments reported: W50-935, strains A, B, C, D, 
E-1, E-2, H, and 2158. Strain W50-935 was obtained 
originally as a single-colony isolate from a plating of 
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nitrogen-mustard-treated W49-133 (Campbell and 
Curtis, 1952). A slant of this strain kindly supplied by 
Dr. M. P. Backus of the University of Wisconsin, 
Department of Botany, served as the origin of our 
stocks of this strain. In our hands this strain appears 
to be a mixture of types. Several morphologically 
different populations are visible when it is plated on 
lactose-cornsteep medium (LCS), and these can be 
separated from each other by single colony isolation 
from this medium. In shake-flask fermentations this 
strain produces approximately 900 Oxford units of 
penicillin per ml of broth under our conditions. Strains 
A, B, C, D, E-1, E-2, and H are all isolates established 
from a plating of ultraviolet-irradiated W450-935 
spores. All of these isolates were olive green, heavily 
sporulated, and seemed to be composed of the same 
colony type. In shake-flask fermentations they all 
produced approximately 3000 oxford units per ml of 
penicillin. In some experiments, series of substrains were 
established from these strains by selecting isolated 
colonies, single spores, or single hyphal tips from plat- 
ings. Strain 2158 was previously obtained at Bristol 
Laboratories’ Research Department as a selection from 
an ultraviolet-irradiated spore suspension of Wisconsin 
strain W48-701 (see Backus and Stauffer, 1955, for 
history of W48-701). Soil-tube cultures were made of 
each of the strains, and the same soil tube of each 
strain was used throughout this study to establish 
primary cultures. To determine which of the above 
strains would undergo penicillin rundown, serial 
transfers of each strain were made on LCS agar slants. 
Transfers were made by suspending the spores and 
mycelia from a slant, or spores from a soil tube, in 0.01 
per cent Wetanol.'! This mass inoculum was used to 
inoculate fresh agar slants. Slant growth from each 
culture was transferred in the same manner to fresh 
slants after 6, 14 and 21 days’ growth at room tempera- 
ture (RT). This procedure was carried out through six 
serial transfers with each strain. The spore-mycelia 
suspension was also used to inoculate triplicate fermen- 
tation shake flasks at the time of inoculating each 
slant. Each shake flask contained 100 ml of LCS liquid 
medium. These fermentations were incubated for 8 
days at 76 F on a rotary shaker operating at 200 rpm. 
Five-ml aliquots were removed from each flask on the 
5th, 6th, 7th, and 8th days of fermentation and analyzed 
for pH, penicillin production, and population changes. 
Penicillin assays were run by a modification of the 
“eylinder-plate’’ method (Schmidt and Moyer, 1944) 
on centrifuged broth samples. Population patterns, and 
changes in them, were observed by plating series of 
serial dilutions of uncentrifuged broths on LCS agar. 
Triplicate plates were made at each dilution by the 
glass-rod-spreader technique. These plates were incu- 
bated at RT for 9 days and then examined for colony 
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types and percentages of each type calculated. The 
shake-flask medium used in most cases was a modifica. 
tion of the LCS medium of Moyer and Coghill (1946), 
LCS agar slants were made of the same medium with 
2.5 per cent Difco agar added. In some experiments 
for observing population changes and_heterokaryon 
breakdown, honey-peptone (Churchill, 1947) and 
modified Czapek-Dox (Jinks, 1952a) media were used, 

All inocula from slants, colonies, or fermentation 
broths used in experiments reported here were macer- 
ated for 30 sec. in a Waring blendor before use. 

Inoculum for small tank fermentors was grown on 
LCS agar flats in 10-L wide-mouth bottles. These cul- 
tures were grown for 7 days at 76 F and then harvested 
aseptically in 0.01 per cent Wetanol. Samples of the 
harvested tank inocula were tested for penicillin 
production in shake-flask fermentations, and for 
colony types by the plating technique at the same time 
that they were tested in the tank fermentors. 

Single-spore isolations were made from most of the 
cultures with a de Fonbrune micromanipulator, using 
a modified Zelle technique (Zelle, 1951). Hyphal tips 
were isolated with a Chambers micromanipulator under 
a dissecting microscope. 

Heterokaryon formation between pairs of all strains 
was checked microscopically, using the method of 
Lindegren (1934). In general, this method was not 
successful because of a decided reluctance of the strains 
to form hyphal anastomoses on the solid medium used. 


RESULTS AND DISCUSSION 
Penicillin Rundown in Isolates of W50-935 


During a routine investigation of strain W50-935 
numbers of isolates were obtained from a screening of 
ultraviolet-irradiated spores which gave penicillin 
yields considerably higher than those obtained under 
the same fermentation conditions with the parent 
strain. These isolates were maintained on LCS agar 
slants and in soil-tube cultures. Several of them were 
tested for penicillin rundown by serial transfer of 
mass inoculum on LCS agar slants after various periods 
of growth. One series of transfers was started from soil 
tubes and another from slants inoculated with the 
primary colony at the time it was isolated from the 
original plates. At the time of each transfer the slant 
was tested in shake-flask fermentations for penicillin 
production and was plated out in serial dilutions on 
LCS agar for cultural examination. All of the strains 
tested in this manner exhibited rapid rundown and 
after three serial transfers produced only 20 to 50 per 
cent as much penicillin as the original isolate. At the 
same time, growth became heavier and the fermentation 
cycle shorter. The parent W50-935 strain was carried 
as a control throughout these experiments and did not 
rundown or change growth patterns through a total of 
nine serial transfers. However, its penicillin production 
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was only approximately 25 per cent that of the isolates 
before they underwent rundown. Platings of the inocula 
at each transfer showed that certain cultural changes 
paralleling pencillin rundown occurred in the cultures. 
The original isolates and first slants of the isolates re- 
vealed only a single dark-green, heavily sporulating 
colony type (G-type) whenplated on LCS agar. However, 
at various stages of transfer, usually after the second 
but sometimes after only one transplanting, a few white 
colonies (W-type) and white-sectored dark-green colo- 
nies (S-type) would appear in the platings. The W-type 
strain is apparently a pure albino type. It sporulates 
almost as well as the G-type and its spores, as well as 
mycelium, have no pigment. The parent strain shows all 
three of these types, among others, when it is plated on 
LCS agar. In further transfers of the isolates, the per- 
centages of W- and S-type colonies increased. Within 
two transfers after the first appearance of W- or S-type 
colonies the isolate had the same population pattern 
and penicillin production as W50-935. Transfer experi- 
ments were carried out in three series: one with a 7-day 
growth period, a second with a 12-day growth period, 
and a third with a 21-day growth period between trans- 
fers. Rundown was much slower, and cultural changes 
appeared later in the 7-day-old transfer series. Usually, 
when 12-day- and 21-day-old slants were used, rundown 
and cultural variants were pronounced after the first 
transfer. The age at which sectoring occurred, and its 
manner of appearance, remind one of similar sectoring 
observed by Churchill (1947) in earlier ancestors of 
W50-935. He found that flesh-colored, nonsporulating 
variants of Q-176 would produce heavily sporulating 
green sectors after 7 days’ growth. He further found 
that this sectoring could be prevented indefinitely by 
transferring hyphal tips from colonies less than a week 
old, or by growing the colonies continuously on fresh 
medium. 

Whiffen and Savage (1947) found that penicillin 
rundown in Penicillium notatum NRRL 1249 B21 could 
be delayed by any process that decreased the percentage 
of spores in the inoculum. Using vegetative inocula 
grown under conditions that permitted almost no 
sporulation, they could prevent rundown indefinitely. 
To determine if rundown in our strains could be con- 
trolled by similar methods, experiments were run in 
which the cultures were kept in the vegetative state. 
This was accomplished by serial transfers of shake-flask 
growth at 24-hr intervals to fresh shake flasks of LCS 
medium. At each transfer aliquots were used to inocu- 
late other shake-flask fermentations for penicillin pro- 
duction analysis. They were also plated out in serial 
dilutions on LCS agar for observation of population 
changes. The resultssshowed that rundown and popula- 
tion changes occurred much earlier under these condi- 
tions than when 7-day-old slant transfers were made. 


Using vegetative transfers, rundown usually started 
with the second transfer. 


Plating Studies on White, Green and Sectoring 
Substrains of Strain A 


Studies on the colony types appearing in strain A 
immediately before and after the start of rundown were 
carried out on LCS agar by serial hyphal tip transfers 
and by mass inocula platings from single colonies of the 
G-, W-, and S- types. These studies showed that the 
W-type was very stable. No changes appeared in these 
substrains through as many as five transfers. Moreover, 
when platings were grown for as long as 25 days no sec- 
toring appeared on any W-type isolate. The G-type 
was relatively stable and little or no sectoring or white 
colonies occurred throughout the series of transfers 
when they were made at 7-day intervals. In many cases 
sectors would appear in small numbers in platings when 
they were held for longer periods of time; however, a few 
G-type substrains were established which would not 
sector regardless of the length of time grown. These 
latter strains showed no indication of rundown through 
as many as five serial transfers of mass inoculum. S-type 
colonies were unstable and mass inocula platings always 
produced all three colony types, with S-type colonies 
accounting for 75 per cent or more of the population. 
Hyphal tip transfers from white sectors always pro- 
duced only W-type colonies, while hyphal tip transfers 
from the green portions of S-type colonies almost al- 
ways produced S-type colonies. In a few cases, G-type 
colonies were produced from hyphal tips taken from the . 
green portion. These plating experiments were also 

varried out on honey-peptone agar and modified 
Czapek-Dox agar. On these media S-type colonies did 
not appear. Platings of the G-type colonies yield homo- 
geneous light-green populations, while platings of the 
W-type colonies yield homogeneous white populations. 
Mass inocula platings of S-type colonies from LCS agar 
plates onto honey-peptone or Czapek-Dox agar plates 
yield only colonies typical of the W- and G-types. How- 
ever, when the G-type colonies produced by plating 
S-type colonies on honey-peptone or Czakep-Dox are 
plated back onto LCS agar they are found to be of two 
types, those yielding only G-type, and those yielding 
G-, W-, and S-types. Therefore, while sectoring is pre- 
vented phenotypically on Czapek-Dox and honey- 
peptone media the factors responsible for the sectoring 
on LCS remain present in the mycelium and must be of 
a genetic nature. The most logical mechanism which 
could explain this behavior would be heterokaryosis in 
which two types of nuclei are present in the mycelium. 
This heterokaryon would necessarily remain balanced 
on Czapek-Dox and honey-peptone media, but would 
break down on LCS medium. Such a system would be 
very similar to that observed by Jinks (1952b) and 
Rees and Jinks (1952), who found that Penicilliwm 
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TABLE 1. Fermentation and population characteristics of sub- 
strains isolated from platings of vegetative growth of strain A 
after 8 days’ growth in shake flasks 


Population Pattern on 


2 c > 5 , , »\* enici H » ~th 
Substrain (Colony Type)* | Penicillin Production Lactose-Cornsteep Agar 


Oxford units/ml 


G-type.... 2760 G-type colonies 
G-type..... 2700 G-type colonies 
S-type... ; 1980 G-, W-, and S-type 
colonies 
S-type. ...... 1670 G-, W-, and S-type 
colonies 
W-type 590 W-type colonies 
W-type 500 W-type colonies 
*G-type = heavily sporulating colony type; S-type = 


white-sectored, dark-green colony type; and W-tvype = white 
colonies. 


heterokaryons isolated from natural sources were stable 
only on media containing large amounts of apple pulp 
but broke down on simpler media. Penicillin rundown 
was not studied in cultures grown on honey-peptone or 
Czapek-Dox media, since slants grown on these media 
gave very low penicillin yields when used as inocula in 
our shake-flask fermentation medium. 


Effect on Penicillin Production of the G-, S-, and W-type 
Colonies 


Since S- and W-type variants appeared more rapidly 
in vegetative liquid cultures than on solid media, it was 
probable that they would also arise in fermentation 
shake flasks and in the various stages of tank fermenta- 
tions. If this occurred, penicillin yields would probably 
be reduced proportionate to the time of appearance of 
the variants and to the extent of their growth, since W- 
and S-types were always found to give low penicillin 
yields. A study of this possibility was carried out using 
slants of a G-type isolate of W50—935. The slants of this 
strain (strain A) were inoculated from a soil tube which 
had previously been tested and found to contain a 
homogeneous G-type population giving good penicillin 
yields in shake-flask fermentations. The slants were used 
to inoculate shake-flask fermentations which were run 
for 8 days. Samples of the shake-flask growth were 
plated out in serial dilutions at 2-day intervals, and the 
fermentation broths were assayed for penicillin potency 
on the 6th, 7th, and 8th days of fermentation. The 
platings revealed that S-type colonies started to appear 
on the 4th and 5th days of fermentation. By the 8th 
day approximately 40 per cent of the colonies were 
S-type, and a few of the W-type were also noted. 
Whether or not these changes interfered with penicillin 
production in these fermentations could not be deter- 
mined. Average maximum potencies of 2850 Oxford 
units per ml were attained, and this was about the same 
as had been obtained in previous experiments with 
strain A. The possibility exists, however, that the yields 
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would have been higher if such variants could haye 
been prevented from appearing at all. The experiments 
were repeated using different variations of the LCS 
medium. None of these variations had any noticeable 
effect on the cultural changes or their time of appear. 
ance. Single-colony isolations were made of each of the 
three colony types appearing in this fermentation. These 
isolates were then used as inocula for similar fermen. 
tations which were investigated by the same plating 
and penicillin potency tests. The results of these 
experiments are given in table 1. They show that certain 
isolates (W- and S-type colonies) taken from the normal 
fermentations of the G-type strain give fermentation 
potencies similar to those of rundown cultures. In the 
case of the S-type isolate, platings of 7-day-old fermen- 
tation flask growth show approximately the same ratios 
of G-, S-, and W-type colonies as are found in platings 
of rundown cultures. Results of only a few substrains 
tested in one experiment are given, but in all observed 
cases penicillin potencies of fermentations with G-, S-, 
and W-type substrains agree with those given in table |, 

Investigations of all steps in submerged fermentation 
through small tank fermentors revealed the same pat- 
tern. Whenever white or sectoring colonies appeared 
in platings of a culture to be used, the penicillin poten- 
cies of the next stage and all subsequent stages were low. 

For further studies, a series of 10 LCS agar slants 
was made from the same soil tube of strain A. After 7 
days’ growth these slants were used to grow small tank 
fermentor inocula. At the same time they were plated 
out in serial dilutions on LCS agar and also used to 
inoculate shake-flask fermentations. The platings were 
examined after 10 days’ growth and the fermentations 
were assayed for penicillin potency after 6, 7, and 8 
days. The same tests were also run on the tank fer- 
mentor inocula when they were prepared. Results of 
these experiments are given in table 2. In this table, 
the slants are divided into groups based on the stage of 
appearance of W- or S-type colonies. In group I these 
colony types did not appear in either the slants or in 
platings of the tank inocula. In group IT they did not 
appear in the slants but appeared to some extent in 
platings of the tank inocula. Group III is composed of 
one slant which showed a small number of W-type in 
the slant population and a large number in the tank 
fermentor inoculum. These results indicate that the 
W- and S-type colonies appear at random in the cul- 
tures, at least on solid media. In all groups, penicillin 
potencies agreed with that expected on the basis of the 
stage of appearance of W- and S-type colonies in plat- 
ings. Similar results were obtained when small fermen- 
tation tanks were inoculated with the tank inocula 
given in table 2. Group I inocula produced tank fermen- 
tations with high-potency broths; those inoculated 
with group II or group III inocula gave low-potency 
broths. Platings of growth from tanks inoculated with 
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TABLE 2. Random appearance of W-type and S-type 
colonies in a pure culture of strain At 


| Tank Fermentor 
Lactose-Cornsteep | Inoculum Grown from 


Agar Slant | Lactose-Cornsteep 
| Agar Slant Spores 


Slant No.* . = a 
| % vr 


Shake- Colonies in| Shake- | colonies 
yield | plating. | yield | in plating 
| inoculumt 
re ign Per cent | pics orn Per cent 
Group 1. (No W- or S- 
type colonies) 
3 3120 0 2800 0 
5 2790 0 2825 0 
8 2610 0 2405 0 
Group 2. (No W- or S- 
type colonies in 
slants but in platings 
of tank inocula) 
l 2800 0 1970 2 
7 2690 0 1730 1 
10 2750 0 1880 1 
Group 3. (Small num- 
bers, of W- type in 
slant and large no. in 
tank fermentor inoc- 
ulum) | 
4 1750 : | mi 


* All slants were inoculated at the same time from the same 
soil tube of Strain A. 

t W-type = white colonies; S-type = white-sectored, dark- 
green, colony type. 


group I cultures occasionally showed a large percentage 
of W- and S-type colonies, however, usually only a few 
were found and these appeared late in the fermentation 
eycle. Tanks inoculated with group II or III always 
showed a large percentage of W- and S-type colonies, 
and these were found early in tank fermentations. All 
three colony types were isolated at some stage of the 
fermentation from all small tank fermentors tested. 
These isolates, according to strain type, all gave the 
expected penicillin potencies when tested in shake flask 
fermentations. When tank inoculum which showed no 
variants in plating tests was used, W- and S-type 
colonies appeared relatively late in the tank fermenta- 
tion. Such tanks were always of high penicillin potency. 
When the variants appeared early, penicillin potencies 
were low. The high-penicillin-yielding segment of the 
population was still present in the mycelia of these low- 
potency tanks, and strains producing yields as high as 
those of the original parent strain could be reisolated 
from them by routine plating procedures. The W- and 
S-type variants did not produce substances which de- 
stroy penicillin already produced in the fermentation, 
nor any material which inhibited penicillin production 
of the G-type strain in the first place. This was shown 


by adding Seitz-filtered broths from W-type strain 
fermentations at intervals during G-type fermenta- 
tions, and also to completed G-type fermentation broths 
which were then allowed to stand for 16 hr. Neither 
treatment reduced the yields of the G-type fermenta- 
tions beyond that which could be accounted for by 
dilution. 

Strains apparently identical with the original in peni- 
cillin-producing abilities and morphology could easily 
be reobtained from rundown cultures by serial single- 
colony reisolation using shake-flask cultures, slants, or 
soils as starting points. All of the rundown strains de- 
rived from W50-935 examined by us had large percent- 
ages of W- and S-type variants in their populations. In 
serial reisolation procedures a suitable source of the 
rundown culture was plated on LCS agar. From this 
plating a number of well-isolated typical G-type 
colonies were inoculated onto LCS agar slants, using a 
mass inoculum prepared by macerating entire colonies 
in separate tubes of 0.01 per cent Wetanol solution. 
After 7 days’ growth, these slants were plated again on 
LCS agar and G-type colonies picked to slants again 
after 7 days. This procedure was repeated a third time. 
At each of the three platings, the slants were also tested 
for penicillin production in shake-flask fermentations. 
The results of this reisolation procedure on a number 
of W50-935 derivative strains are given in table 3. 
Note that culture E-2 was apparently pure G-type 
after the second reisolation, but the W-type variant 
reappeared in the third reisolation. This does not occur 
often, provided growth on the platings and slants is not 
over 9 days old when used or transferred. This technique 
has been used on rundown or impure strains of Strep- 
tomyces as well as other lines of Penicillium, and strains 
identical in appearance and yields with the original 
isolate are readily reobtained. Foster et al. (1943) state 
that large numbers of transfers are conducive to peni- 
cillin rundown and recommend an absolute minimum 
of transfers between the soil tube and ultimate use of 
the culture in production. They also found that run- 
down was accompanied by sectoring and white vari- 
ants. However, we find that when carried out in 


TABLE 3. Response of rundown cultures to serial reisolation 





After | 














| 


] 
| _After 1st After 2nd After 3rd 
Rundown | Reisolation Reisolation | Reisolation 
~— | Mase 
strain | Yield | | w- | w- | | w- | | w- 
Reon’ | Peni | SUP | Peni- | SRF | Peni. | Rf | Penis | Sef 
d cillin | Stype| CHIN Is-tyne | \S-t in | S-ty 
— | ield | a ield | colo | yield oe | yield | a 
nies | nies | nies | nies 
Oxford | Oxford | oO | Oxford | | Oxford | oO | Oxford | oO 
|uneéts /ml| ents /ml| “@ \units/ml| “°  |units/ml| |units/mi| /o 
B 2650 | 1250 | 30 | 2018 |<0.1| 2680 0 | 2500 | 0 
C | 2600 | 1990 | 23 | 2730} 0 | 2510) 0 | 2670} 0 
D | 2500 | 1860 | 45 | 2560 | O | 2520!) O | 2570 | 0 
| | | | | 
E-1 | 2840 | 1900 | 38 | 2600 |<0.1} 2550 | O | 2550; O 
B-2 | 2840 | 1900 | 0 | 2130 | 4 


38 | 2680 <1.0) 2660 | 
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conjunction with a selective procedure such as the 
above, most of the cultures are just as potent penicillin 
producers as the original isolate after as many as 10 
transfers. 


Heterokaryon Formation Between Different Penicillium 
Strains and the Effect on Penicillin Yields 


A study of possible causes of rundown in Penicillium 
heterokaryons was made by testing artificially synthe- 
sized heterokaryons in shake flasks. Shake-flask fermen- 
tations were inoculated with mass inocula prepared 
from slants of strains A, H, 2158, W50—935, and White 
* 3. All of these slants with the exception of W50—-935 
had been established from single spores. Fermentations 
were run simultaneously on each strain separately and 
in all possible combinations with the other single strains. 
These fermentations were assayed for penicillin poten- 
cies and plated for colony types. Results of this experi- 
ment are given in table 4. Such a technique allows 
homokaryons and the heterokaryon type formed from 
the two homokaryons to exert their effects during the 
fermentation. There is little doubt that the heterokar- 
yon is formed under these circumstances, since all 
combinations in which a white strain is mixed with 
a green strain give a very high percentage of white- 
sectoring G-type colonies and comparatively low per- 
centages of the presumably homokaryotic W- and 
G-types of nonsectoring colonies. Sectoring colonies 
do not appear to any appreciable extent in any of the 


fermentations where pure W-type or pure G-type 


iuuenaation pomensiine feemeacion ofighest Per Cent 

W-and W- and W-and W-and 

Yield S-type* Yield S-type Yield S-type Yield S-type 

colonies colonies colonies colonies 

Oxford c Oxford or Oxford co Oxford o 
unils/ml : units/ml . | units/ml « units/ml = 

W-type strain *3 600 100 W 545 100 W 670 100 W 670 100 W 
Strain H (G-type strain)* 2640 OW 3250 Oo W)} 3100 Oo W 3250 0 W 
0s <0.1S | <1 § <1.08 
W50-935 (parent strain) 640 8W 750 11 W 620 11 W 750 | 11 W 
708 67 ~=S 75 =6S 75 S$ 
Strain X (from different line than W50-935) 1500 OW 1920 0 W) 1740 0 W 1920 0 W 
OS 0 S$ 0 Ss 0 8S 
W-type #3 + strain H 1320 8 WwW 1340 3 W| 1220 6 W 1340 3 W 
508 7 8} 72S 7 8 
W-type #3 + W50-935 700 10 W 620 5 W 840 6 W! 840 6 W 
68 5S 68 5S 70 2S 70 26S 
W-type #3 + strain X 880 20 W 1180 5 W 1200 8 W 1200 8 W 
208 15 § 13 =S 13S 
Strain H + W50-935 1630 OW 1380 6 W | 1200 — 1630 6 W 
2558 68 S | 68 S 
Strain H + strain X 1590 OW 2120 0 W 2080 0 W 2120 0 W 
0S <0.18 <0.158 0.18 
W50-935 + strain X 1100 5 W 1080 3° OW 900 3 OW 1100 3 WwW 
408 4:2C<(<S 60 S$ 60 SS 








*G = green-type;S = sectored-type; and W = white-type. 


F. L. HAAS ET AL. 


|VOL, 4 


strains were the only inocula. The fact that the great 
majority of colonies are sectored also shows that the 
heterokaryon is balanced (or stable) in liquid shake. 
flask medium, at least throughout the greater part of 
the fermentation, and that it breaks down on the solid 
medium used as indicated by sectoring. 

Attempts to synthesize heterokaryons of the same 
strain combinations were made, using the microscope 
slide-culture method of Lindegren and Andrews (1945), 
However, these attempts were unsuccessful. All com- 
binations, and even mycelia of the same strain, were 
most reluctant to form anastomoses on the agar-slide 
culture. Possibly the same factors responsibility for 
heterokaryon breakdown and sectoring are also respon- 
sible for the scarcity of anastomoses on solid medium 
in the slide-culture tests. 

Another approach to this same problem was more 
successful. Single hyphal tips were isolated from the 
white sectors and from the green portions of a number 
of S-type colonies obtained from the platings given in 
table 4. In all cases, the hyphal tips taken from white 
sectors gave rise only to W-type strains which gave poor 
penicillin yields. Most of the tips isolated from the green 
portion of S-type colonies produced S-type cultures 
which gave low to intermediate penicillin yields. How- 
ever, a few cultures established in this manner were ap- 
parently pure G-type and gave high penicillin yields. 
The fact that a single hyphal strand gave rise to a 
colony which produced spores of both parental types is 
believed to be strong evidence that the strain was 


TaBLeE 4. Effect of W-type strains on colonial morphology and penicillin production of other strains 


Peak Assay and 








White 
col 
1-S-V 
1-S-V 

Green 
co) 


heter 
in ta 
from 
The | 
tions 
The | 
mixe 
type 
pure 
yield 
are | 
they 
med 


M 
have 
194- 
grer 
in | 
hete 
stra 
unn 
app 
het 
pen 

7 
het 
W- 
my 

the 
Hy 
thi 
rel 
res 
pr 
gr 


sti 








1956] HETEROKARYOSIS IN PENICILLIUM 193 


TapLe 5. Penicillin yields and population patterns of cultures 
established from single hyphal tips taken from white and green 
sectors of the same S-type colony 


Source and Isolate oats | Population Pattern 
a Oxford 
units/ml 
White sector of S-type | 
colony 
oS aretcarer ee 669 | 100% W-type 
2 Eoin 687 | 100% W-type 
Green sector of S-type | 
colony | 
1-8-G1.... | 1188 | W-, S-, and G- 
types 
i! (yee 930 W-, S-, and G- 
types 
1-8-G6.... ..| 2553 | 100% G-type 


heterokaryotic. The results of this experiment are given 
in table 5. Only results for tests of colonies isolated 
from the W-type *3 x strain A fermentation are given. 
The same tests were made for several other combina- 
tions and essentially the same results were obtained. 
The fact that the majority of colonies are S-type in the 
mixed strain experiments (table 4), and that the green- 
type growth in these sectoring colonies will yield both 
pure G-type, high-penicillin-producing strains and low- 
yielding S-type strains indicates that heterokaryons 
are probably fairly stable in liquid medium, but that 
they break down immediately on plating on solid 
medium. 


Origin of the W- and S-Type Colonies 

Most Penicillium species which have been studied 
have been found to readily form heterokaryons (Baker, 
1944; Pontecorvo and Gemmell, 1944a, 1944b; Linde- 
gren and Andrews, 1945; Jinks, 1952a, 1952b). Jinks 
in his studies also found that balanced Penicilliwm 
heterokaryons often break up into the component 
strains when they are removed to artificial media or 
unnatural growth conditions. Our observations on the 
appearance of W- and S-type variants suggested that 
heterokaryosis was the main factor involved here in 
penicillin rundown or physiological degeneration. 

There are several mechanisms which could lead to 
heterokaryosis in these strains. In one such mechanism 
W-type-producing nuclei, arising by mutation in the 
mycelium, and having a selective growth advantage in 
the culture, would rapidly increase in relative number. 
Hyphal anastomoses would spread the mutant nuclei 
throughout the mycelia. As their number increased 
relative to the normal type, a rundown culture would 
result, especially if they contribute little to penicillin 
production and use much more nutritive material for 
growth than does the normal strain. 

A second possibility is that the original isolates of the 
strain may be composed of more than one genotype. 


This heterogenic condition may have arisen from 
heterokaryotic mycelial fragments, polynucleate spores, 
or spores having heterozygous diploid nuclei (Ponte- 
corvo and Sermonti, 1954). In any of the above situa- 
tions, both W- and S-type genotypes would have to be 
present. In such a case, the W-type component would 
necessarily have little effect on the penicillin producing 
ability of the strain as long as it was in the balanced 
heterokaryotic state (or if in the same nucleus it was 
recessive to the G-type). Such a condition could be even 
more desirable than a pure strain due to hybrid vigor 
or heterosis contributed by the dual system (Beadle 
and Coonradt, 1944; Baker, 1944; Pontecorvo, 1946; 
Jinks, 1952a, 1952b). It is possible that with certain 
nuclear ratios, and under certain conditions, the hetero- 
karyon could be expected to have the high penicillin 
producing ability of the G-type strain and the high 
growth rate of the W-type strain. However, in a mix- 
ture of homokaryotic (W- and G-types) and hetero- 
karyotic (S-type) strains, the rapidly growing W-type 
would have a detrimental effect on the penicillin pro- 
ducing abilities of the heterokaryotic strain or the 
G-type strain. Thus, if for any reason the nuclear 
division rates should change in favor of the W-nuclear 
type so as to allow it to segregate from the heterokar- 
yon, it would sporulate, pure W-type substrains would 
develop from those spores containing only W-type 
nuclei and rundown would result. 

Several factors indicate that the second mechanism, 
or possibly a combination of both mechanisms, is the 
more likely cause of rundown in these strains. The white 
sectors in S-type colonies always appear on solid media 
at approximatel:’ the same time in individual experi- 
ments, and tuey usually appear in relatively large num- 
bers. Very seldom do they appear before the 9th or 10th 
day of growth. If the sectors arise as the result of muta- 
tions one would expect them to make random appear- 
ances during this time. More sectors would be expected 
in the later stages of growth when the nuclei are more 
numerous, but some would be expected to appear as 
early as the second or third day and on all days there- 
after unless some unusual selective factors are operative. 
Instead, the white sectors seem to make their appear- 
ance in response to an unknown stimulus occurring at 
a definite time during clone growth. Moreover, the 
sectors are nearly always white. Only occasionally were 
single, dark-green or light-green sectors observed. Some 
medium change, such as an accumulation of metabolic 
products or the exhaustion of some nutrient needed for 
maximum growth of the G-type component, could easily 
be the causative factor. This is suggested since sectoring 
can usually be prevented, and always retarded, by 
transferring colonies to fresh media at 7-day intervals. 
This behavior would be expected of a balanced hetero- 
karyon in which the W-type nuclear component had a 
slower growth rate on fresh medium than either the 
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heterokaryon or the G-type nuclear component. Under 
these conditions, mycelia containing only W-type 
nuclei probably would not develop. If the W-type 
nuclei could multiply at a faster rate on old media, or 
if multiplication of G-type nuclei slowed down on it, 
production of W-type would exceed that of the G-type. 
When this occurred, the heterokaryon would be out of 
balance. More and more of the mycelial strands would 
become homokaryotic for W-type, and white sectors 
would develop (see Jinks 1952a, 1952b for theory). 
While growth rates have not been measured by precise 
methods, it is obvious by inspection that the white 
colonies and sectors grow at a faster rate than G-type 
colonies. The white sectors developing in G-type 
colonies are fan-shaped and Pontecorvo (1946) offers 
conclusive evidence that mycelia in fan-shaped sectors 
have a faster growth rate than that of the parent colony. 
Also white colonies are usually considerably larger than 
the G-type colonies, and they produce visibly more 
mycelia in shake flasks than the G-type strains. Occa- 
sional G-type cultures have been obtained from the 
serial reisolation procedures which sector very infre- 
quently, even when they are incubated for 30 days. 
These cultures have never shown any evidence of run- 
down. All of these factors indicate that sectors and 
white colonies arise by breakdown of an established 
heterokaryon, regardless of the origin of the two nuclear 
types involved. 

A number of factors indicate that the W-type nuclei 
could have arisen in, or prior to, the W50-935 strain. 
Low-yielding W-type and S-type strains and high- 
yielding G-type strains can be isolated in considerable 
numbers from platings of W50-935. Microscopic exami- 
nation of spores of a number of the ancestral strains 
indicates the possibility that at least some of the spores 
are multinucleate. Pontecorvo and Sermonti (1954), 
using strains derived from Q-176 (an ancestral strain 
of W50-935), have found that some of the spores of this 
strain are diploid. Either or both of these conditions, 
that is, multinucleate spores having nuclei of two or 
more different types and diploids having two different 
sets of chromosomes, can produce polymorphous strains. 
Regardless of the origin of the mixture of strains or 
whether they are perpetuated by a_ heterozygous 
diploid, polynuclear spores, or by a series of highly 
mutable genes, the experiments demonstrate how 
heterokaryosis and heterokaryon breakdown operate 
to bring apout penicillin rundown. They show as well 
the value of serial reisolation in controlling or eliminat- 
ing rundown. 

Many of the experiments reported here have been 
performed with several strains of Streptomyces with 
the same results. For example, heterokaryon breakdown 
has been observed to immediately precede rundown in 
several different tetracycline-producing strains. In 
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these, however, it is not clear whether stable hetero. 
karyons are poorer producers than pure superior 
strains, or whether rundown only occurs after segrega- 
tion of the low-yielding component. Much the same 
situation appears to exist in Streptomyces as in Penj- 
cillium, and for the same reasons. 
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SUMMARY 


Strain rundown and culture change has been an ever- 
present problem in industrial fermentations. Studies on 
these phenomena occurring in Penicillium chrysogenum 
strains derived from Wisconsin 50-935 are reported 
here. 

Rundown was found to be caused here by the appear- 
ance of a low-penicillin-producing white strain in the 
parent culture. This white derivative, which was very 
stable, readily formed heterokaryons with pure high- 
penicillin-producing strains of the green type, and in 
the balanced heterokaryotic state it did not appear to 
depress penicillin yields. However, under certain con- 
ditions the heterokaryons broke down and the pure 
white strain segregated out. After this a mixed popula- 
tion developed containing pure white and green clones 
as well as the heterokaryon. In such cultures, penicillin 
yields and growth of the green strain were rapidly and 
drastically depressed. 

Using white and green substrains derived from the 
same parent cultures, .artificial heterokaryons were 
synthesized, subjected to the various cultural conditions 
encountered in industrial fermentations, and_hetero- 
karyon effects studied. These experiments show that 
heterokaryosis and heterokaryon breakdown, following 
the occurrence of mutation or genetic segregation in a 
stable culture, can be major causes of culture rundown. 
Procedures for preventing this type of rundown are 
given. 

Various possibilities for the origin of the white vari- 
ant are discussed. 

Many of the same heterokaryon experiments have 
been repeated with certain strains of Streptomyces with 
the same type of results; therefore it is to be expected 
that. rundown in Streptomyces cultures can also be due 
to the same causes. 
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During the brine fermentation of cucumbers for 
pickles, Bell et al. (1950) have reported finding a 
fungal-type polygalacturonase-like enzyme which splits 
the polymer linkage of pectic substances. They defi- 
nitely established this enzyme with the softening type 
of spoilage of salt-stock pickles brined under com- 
mercial conditions. With the identity of the softening 
agent known, an inquiry into its origin is of interest. 
The principal possibilities as to source are: the micro- 
biological activity occurring during the curing and 
subsequent storage in brine, and the nature of the green 
cucumber fruit that is brined. The present work consid- 
ers one phase of the first category, namely, the possible 
relationship of brine yeasts to softening as indicated 
by their ability to hydrolyze citrus pectin in cultural 
media. The method used in this study was devised as a 
rapid screening technique for such biochemical changes 
of pectin as indicated by a calcium pectate gel or the 
loss of such gel properties. The changes in pectin are 
not taken to be specific enzyme measurements for 
polygalacturonase and_ pectinesterase; nevertheless, 
such a screening technique is most valuable for qualita- 
tively identifying yeasts as potential sources of pectic 
enzymes. 

Pittman and Cruess (1929) reported on the hydroly- 
sis of a 1 per cent apple pectin by various microorgan- 
isms as indicated by change in viscosity, decrease in 
pectin content, and loss of gelling power of the pectin. 
The yeast cultures tested—Saccharomyces cerevisiae, 
Saccharomyces ellipsoideus, and Mycoderma species 
were reported to have no noticeable effect on the pectin. 

Luh and Phaff (1951) found 6 cultures of yeasts (Sac- 
charomyces fragilis, S. fragilis var. no. 351, Saccharo- 
myces thermantitonum, Torulopsis kefyr, Candida pseudo- 
tropicalis var. lactosa, and Candida pseudotropicalis) that 
were capable of causing a noticeable change in pectin 
broth containing minerals and glucose. Clarification of 
the opaque pectin solution to a water-clear liquid with 
the formation of a sediment was the criterion used to 
determine hydrolytic action. According to Luh and 
Phaff, these 6 cultures can all be identified with S. 
fragilis and a variety of this species, along with its 

This study was carried out under a cooperative project 
with the Department of Horticulture of the North Carolina 
Agricultural Experiment Station. 

2 One of the laboratories of the Southern Utilization Re- 


search Branch Agricultural Research Service, United States 
Department of Agriculture. 
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imperfect form Candida pseudotropicalis and certain 
varieties of the latter. S. fragilis var. no. 351 caused the 
most rapid clarification of the citrus pectin medium, so 
they further studied and reported its enzyme properties 
(Luh and Phaff, 1951, 1954a, 1954b). They named 
the enzyme yeast polygalacturonase because they 
found it to be different from that of mold origin in that 
the pectic acid substrate was only partially hydrolyzed. 
Demain and Phaff (1954) further characterized yeast 
polygalacturonase and reported that ultimately galac- 
turonic and digalacturonic acids were the end products 
of pectic acid hydrolysis. Roelofsen (1953) referred to 
his little-known earlier studies (published in 1936 in 
the Dutch language) which reported the ability of cer- 
tain yeasts to attack cell-wall pectin. These yeasts be- 
longed to the genera Candida, Pichia, Saccharomyces, 
and Zygosaccharomyces, and many of the cultures were 
isolated from fermenting cocoa beans from Java and 
West Africa. Included in this study were species of 
S. fragilis and its imperfect form C. pseudotropicalis. 
Roelofsen (1953) concluded that certain species of 
yeasts do contain true polygalacturonase and_ not 
merely a depolymerase. 

Matus (1948), in connection with a study on the 
activity of pectinase (syn. polygalacturonase) reviewed 
the reported sources of this enzyme. Numerous genera 
and species of microorganisms are listed as a source of 
pectinase, but none that would be classified as yeasts 
was reported. Other reviews on the subject of pectin 
and pectic enzymes (Joslyn and Phaff, 1947; Phaff and 
Joslyn, 1947; Lineweaver and Jansen, 1951) gave no 
additional information on the hydrolysis of pectin by 
yeasts. Further, there appears to be no record of 
pectinesterase, an enzyme which catalyzes the hydroly- 
sis of the ester bonds of pectic substances, as being 
produced by yeasts, although Etchells and Bell (1950a), 
in connection with a taxonomic study of film yeasts 
from cucumber brines, mentioned obtaining de-esterifi- 
cation of citrus pectin by species of yeasts belonging to 
the genera Endomycopsis and Debaryomyces. 


MATERIALS 


Origin of cultures. Yeasts associated with the fer- 
mentation of brined cucumbers are divided into two 
general groups: those which produce a gaseous fermen- 
tation below the surface of the brines, and those which 
produce luxuriant films on the brines exposed to air but 
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sheltered from direct sunlight. Species belonging to the 
genera T'orulopsis, Brettanomyces, Hansenula, Zygosac- 
charomyces, and Torulospora have been shown (Etchells 
and Bell, 1950b; Etchells et al., 1952) to be the principal 
types present during the fermentation under conditions 
typical of the southern and northern brining areas of 
the United States. Film formation on commercial cu- 
cumber brines has been attributed to species of Deburyo- 
myces, Endomycopsis, Zygosaccharomyces, and Candida 
(Etchells and Bell, 1950a). Most of the species that 
belong to both of the general groups mentioned have a 
high tolerance to salt and acid. These are two important 
qualities, in addition to the production of a polygalac- 
turonase-like enzyme, that would be required of any 
group of microorganisms associated with the softening 
of brined cucumbers. 

In addition to the two groups just named, yeast 
isolates from related brined, salted, and pickled prod- 
ucts’ were investigated as well as known species from 
several culture collections. A few cultures from sources 
other than brined or pickled material were tested 
because their history indicated the possibility of pecto- 
lytic activity. Of these, 4 cultures of S. cerevisiae from 
spoiled orange juice concentrate were obtained from 
Dr. H. H. Hall of the Southern Utilization Research 
Branch, U. S. Department of Agriculture, New Or- 
leans, Louisiana, and were considered by Hall and 
Teunisson (personal communication, 1948) to have 
pectolytic properties. Four other cultures with a history 
of pectolytic activity (Luh and Phaff, 1951) were 
received from Dr. H. J. Phaff, Food Technology 
Department, University of California, Davis, Cali- 
fornia. These were S. fragilis, S. fragilis var. no. 351, 
Candida pseudotropicalis, and C. pseudotropicalis var. 
lactosa. 


METHODS 


Culture media. The cultures were grown in basal 
liquid medium consisting of 0.5 per cent citrus pectin,' 
0.5 per cent peptone, 0.5 per cent salt, and 0.25 per cent 
yeast extract. The medium was modified as follows as 
to pH and glucose content; medium I, adjusted to pH 
5.0 without glucose; medium II, adjusted to pH 5.0 
plus 1.0 per cent glucose; medium III, adjusted to pH 
5.0 plus 0.2 per cent glucose; medium IV, adjusted to 
pH 3.5 plus 0.2 per cent glucose. The media were put 


* Namely, fermenting sweet pickle; brined and dry-salted 
green beans; brined bacon; films on processed dill pickles in 
glass; sour pickles; fermenting pasteurized sweet pickle; film on 
sauerkraut; brined, unshelled green peas; brined sweet pepper 
hulls; and corn-apple silage. Yeast cultures from these sources 
are from the authors’ collection and are designated by the 
letters “FFL.”’ 

4QObtained from the California Fruit Growers Exchange, 
Ontario, California, under the name Pectinum NF VIII. It is 
probable that other products of essentially the same composi- 
tion would prove satisfactory. 


in culture tubes in approximately 15-ml amounts and 
sterilized in racks at 10 lb of pressure for 15 min and 
then promptly cooled in water. This procedure was 
followed to minimize the effect of heat on the pectin in 
the media. The yeasts were inoculated by loop into 
the test media from young (l-week-old) vegetable 
juice agar (Etchells and Bell, 1950b) slant cultures. 
Determinations for pH were made by the glass elec- 
trode; pH adjustment of the pectin media was done 
with 5 per cent tartaric acid. All cultures were tested 
for pectin hydrolysis, after 30 days of incubation at 
30 C, as described below. 

De-esterification of pectin (DE). This test was carried 
out in small test tubes (8 by 75 mm) and consisted of 
adding 1 drop of 20 per cent calcium chloride solution 
to a 0.5-ml sample of the culture medium. The forma- 
tion of a calcium pectate gel (as compared to none in the 
uninoculated control) demonstrated de-esterification of 
the pectin resulting from yeast growth. This test does 
not indicate the mode of action of the de-esterification, 
such as by pectinesterase, alkali, or acid (Joseph et al., 
1949; Baker, 1942). 

Glycosidic hydrolysis of pectin (GH). If no gel occurred 
in the above test with cultures that had shown definite 
growth, it could mean that the yeast was either negative 
for de-esterification of pectin, or the hydrolysis had 
proceeded further than pectic acid. To determine which 
condition existed in the non-gelled tubes, the pectin in 
the 0.5 ml of culture medium was saponified by the 
addition of 1 drop of 1 N sodium hydroxide. After 30 
min, if no gel then occurred, it was considered a positive 
test for glycosidic hydrolysis. If a gel occurred, the 
culture was considered negative for both de-esterifica- 
tion and glycosidic hydrolysis. 

Yeasts that showed a positive reaction for glycosidic 
hydrolysis in this screening procedure were tested 
further to determine if a polygalacturonase-like enzyme 
had been secreted into the culture medium. This was 
done by measuring the change in viscosity of a pectin 
solution caused by a sample of the culture medium. 
This technique has been adequately described by Bell 
et al., (1950). 


RESULTS 


A summary of the results on the ability of the 139 
yeasts tested to hydrolyze pectin follows. The reactions 
listed for de-esterification and glycosidic hydrolysis in 
most cases are based on the combined observations 
from tests made using the 4 cultural media. Inasmuch 
as both screening tests are only considered to be quali- 
tative in nature, the degree of activity is not indicated 
The yeasts are listed according to genus and species 
followed by the type culture designation,® number of 

5 Type culture abbreviations and location of culture collec- 


tions: The first four species of the genus Zygosaccharomyces 
were obtained from Dr. A. G. Lochhead, Dominion of Canada 
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strains tested, and the ability to hydrolyze pectin as 
indicated by the presence of the letters DE for de- 
esterification, or GH for glycosidic hydrolysis. 

Zygosaccharomyces: Z. richteri (M-1) 1; Z. rugosus 
(139) 1; Z. nectarophilus (N-4) 1; Z. nussbaumeri (J-7) 1; 
Z. halomembranis n. sp. (FFL-1000) 7; Z. globiformis 
(FFL-481) 11; Z. species A (FFL-245) 1; Z. species B 
(FFL-484) 5. 

Debaryomyces: D. matruchoti (NRRL-833) 1, DE; 
D. membranaefaciens var. Hollandicus (FFL-95) 9, 
DE; D. species smooth (FFL-94) 5, DE; D. species A 
(FFL-109) 1; D. species B (FFL-121) 1, DE; D. species 
C (FFL-128) 1, DE; D. globosus (FFL-130) 1, DE; D. 
species E (FFL-13 BA) 1, DE. 

Hansenula: H. saturnus (NRRL-12) 1, DE; H. sub- 
pelliculosa (NRRL-1009, FFL-209) 13; variable for 
DE; H. anomala (NRRL-778) 4, DE. 

Brettanomyces: B. lambicus (NRRL-1413) 1; B. 
bruxellensis (NRRL-1411) 1; B. anomalus (NRRL- 
1415) 1; B. claussentt (NRRL-1414) 1; B. bruzellensis 
var. non-membranaefaciens (NRRL-1412) 1; B. versa- 
tilis (FFL-35) 6; B. versatilis var. (FFL-38) 2; B. 
sphaericus (FFL-44) 2. 

Torulopsis: T. bacillaris (NRRL-1444) 1; T. stellata 
(NRRL-1446) 1; 7. lactis-condensi (CBS) 1; T. utilis 
(DOW-33) 1; T. caroliniana (FFL-304) 4; T. holmii 
(FFL-312) 2. 

Saccharomyces: S. fragilis (UC-106) 1 GH; S. fragilis 
var. (UC-351) 1 GH; S. cerevisiae (SRRL-D6) 4 GH; 
S. globosus (FFL-273) 4; S. species (FFL-287) 1; S. 
ellipsoideus (MSC) 1, weak GH; S. species (SB-139) 1. 

Candida: C. kruset (FFL-59) 3, DE; C. tropicalis 
(DUH) 1, DE; C. pseudotropicalis (UC-143) 1, weak 
GH; C. pseudotropicalis var. lactosa (UC-39), 1; C. pul- 
cherrima (NRRL-412) 1, DE; C. krusoides (FFL-55) 
3, DE; C. species A (FFL-58) 1, DE. 

Torulaspora: T. roset (FFL-380) 6. 

Endomycopsis: E. ohmeri (FFL-149) 3, DE; E. 
ohmeri var. minor (FFL-152) 2, DE. 

Pichia: P. alcoholophila (NRRL-368) 3; P. mem- 
branaefaciens (NRRL-847) 1. 

Kloeckera: K. africana (NRRL-1274) 1; K. japonica 
(NRRL-1382) 1; K. magna (FFL-237) 1. 

Mycoderma: M. lafarit (NRRL-936) 1; M. cerevisiae 
(NRRL-99) 1. 





Department of Agriculture; FFL = Food Fermentation Lab- 
oratory (Authors’ Collection), Raleigh, North Carolina; 
NRRL = Northern Utilization Research Branch (U.S.D.A.), 
Peoria, Illinois; CBS = Centraalbureau voor Schimmelcultures, 
Delft, Holland; DOW = Dow Chemical Co., Midland, Michi- 
gan; UC = University of California, Davis, California; DUH = 
Duke University Hospital, Durham, North Carolina; MSC = 
Michigan State University, East Lansing, Michigan; SRRL = 
Southern Utilization Research Branch (U.S.D.A.), New 
Orleans, Louisiana; SB = Standard Brands Research Labora- 
tory, Hoboken, New Jersey. 
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Rhodotorula: R. species A (FFL-251) 1, DE; R, spe. 
cies B (FFL-254) 1, DE. 

Zygohansenula: Z. californica (NRRL-1425) 1, DR 
(weak). 

Zygopichia: Z. farinosa (NRRL-118) 1, DE. 

Of the species tested in the 15 genera, those in 7, 
namely, Zygosaccharomyces, Brettanomyces, Torulopsis, 
Torulaspora, Pichia, Kloeckera, and Mycoderma, wer 
considered negative for pectin hydrolysis under the 
conditions employed. These yeasts grew poorly, if at all, 
in the pectin medium without glucose (medium J), 
Most of the species tested of Debaryomyces, Hansenula, 
Candida, Endomycopsis, Rhodotorula, and Zygopichia 
were able to de-esterify pectin but were negative for 
glycosidic hydrolysis. De-esterification by Hansenula 
subpelliculosa was variable; 8 were positive, 3 were 
negative, and 2 were weak to doubtful. A clear-cut 
de-esterification reaction was not obtained for the single 
species of Zygohansenula (Z. californica) tested, or for 
one of the species of Saccharomyces (S. ellipsoideus), 
Three other species of Saccharomyces also gave a 
negative test for de-esterification, but since they were 
found positive for glycosidic hydrolysis, the former test 
is inconclusive. 

Six cultures, representing 2 species and a variety are 
listed as being capable of glycosidic hydrolysis of pectin 
(S. fragilis, S. fragilis var., and S. cerevisiae). Further, 
the culture media from these yeasts, when added toa 
3 per cent pectin solution buffered at pH 4, caused a 
marked loss in viscosity over that of heat-inactivated 
controls. It would appear that the glycosidic hydrolysis 
in these cases was due to a polygalacturonase-like 
enzyme as previously demonstrated by Luh and Phafi 
(1951, 1954a, 1954b) and Roelofsen (1953). Two cul- 
tures, S. ellipsoideus and C. pseudotropicalis, were weak 
to doubtful for glycosidic hydrolysis. Further studies 
by the authors (unpublished data, 1956) have demon- 
strated the ability of S. fragilis (UC-106) and S. fragilis 
var. (UC-351) to produce complete softening of cucum- 
bers in 1-quart jars of-pasteurized material equalized 
at 4 to 5 per cent salt, 0.25 per cent lactic acid and pH 
4.0. In contrast, representative species of yeasts re- 
sponsible for the gaseous fermentation of commercially 
brined cucumbers (that is, spp. of Torulopsis, Brettano- 
myces, Hansenula, Zygosaccharomyces, and Torulaspora) 
gave no evidence of softening action. 

The influence of the glucose content and pH adjust- 
ment of the culture medium upon de-esterification of 
pectin is presented in table 1. Only representative cul- 
tures of species that were found to be capable of hy- 
drolysis are listed. Pectin medium III (pH 5.0 and 0.2 
per cent glucose) was found to give the largest. number 
of positive de-esterification reactions for species in the 
genera Debaryomyces, Hansenula, Candida, Endomycop- 
sis, Rhodotorula, Zygohansenula, and Zygopichia. Only 
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TaBLE 1. Influence of 4 cultural media on the ability 
of yeasts to de-esterify 0.6 per cent pectin 
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| Medium I | Medium II |Medium II1| Medium IV 
(No (1% (0.2% (0.2% 
Glucose, Glucose, Glucose, Glucose, 
pH 5.0) pH 5.0) pH 5.0) pH 3.5) 
Yeast 
5 F FA s 
é DEt a DE é DE é DE 
cc) c) 5 c) 
Debaryomyces 
D. matruchoti......... Hi+!;H|-|H/+/8S)}- 
D. membranaefaciens 
var. Hollandicus....|H|+}]H|]—-|H|+])8 |] - 
D. species B......... Hi+;)H|-|H|+/]M|{-— 
D. species C...........M|+/H|—|H}]|+]M]— 
D. globosus............M|}+]H]—|M|+|]M]-— 
D. species (smooth).... H | +|H|—|M|+|]H | — 
D. species E......... M\|+;}H|-|M;-—|M] —- 
Hansenula 
H. saturnus........... Mi+!]H|]}-|H/|+/]H]- 
H. anomala......... |H!i|+/]H|+;)H|}+/H| - 
H. subpelliculosa 
(NRRL-1009)....... M!—-|M;-—-|M;+|M|]- 
H. subpelliculosa 
(PPL-200)............. Ss |}-|M/;-|M|+|{|M|- 
Candida | 
C.kruset..............H]—-|H|]—-|H|]+]H]|- 
C. tropicalis. «........ | H|+|H H|+j|H]- 
C. krusoides.......... \Hi|+|/H|-|Mi+)/8/- 
C. pulcherrima........;M | +]H}]—|H|+]M|-— 
C. species A...........M|+]H}]—|M/+]8 | - 
Endomycopsis | 
E. ohmert....... H!|+!)H/|+/]H/;|+/H|- 
E. ohmeri var. minor. | H | +|H|-|H/|+/]H}-—- 
Rhodotorula | 
R. species B...........M|+|H|—|M|+|M]- 
| | 
Zygohansenula | | 
Z. californica......... IM|-|H|-|M/|+/8|- 
Zygopichia | | | 
Z. farinosa..... jm) +[a|-|H +/1S | - 





*H = heavy; M = moderate; S = slight. 
+ DE = de-esterification. 


one species of Debaryomyces was negative; another 
yeast, Zygohansenula californica, was weak to doubtful. 

Medium I (pH 5.0 without glucose) was the next best 
medium with 17 positive cultures and 4 negative. The 
latter group represented 2 cultures of H. subpelliculosa, 
1 of Candida krusei, and 1 of Zygohansenula californica. 
On medium II (pH 5.0 plus 1.0 per cent glucose) only 
2 of the 21 cultures were positive (Hansenula anomala 
NRRL-1009 and Candida tropicalis). None of the 
yeasts gave a positive test on medium IV (pH 3.5 plus 
0.2 per cent glucose). 

None of the 21 cultures, representing 19 species, was 
able to de-esterify pectin on all 4 cultural media; and 


only 2 species, H. anomala and C. tropicalis, gave posi- 
tive reactions on 3 of the media (I, II, III). The presence 
of 0.2 per cent glucose in the pectin medium at pH 5.0 
appeared to stimulate the ability of the yeasts tested 
to bring about de-esterification; but as much as 1.0 per 
cent caused the reverse to be true. Yeasts capable of 
growing on the medium without glucose were also able, 
in most cases, to bring about de-esterification. Although 
growth was obtained by the yeasts in medium IV, and 
in some instances it was heavy, de-esterification was 
negative. The only difference between media III and IV 
was the lower pH level (3.5) of medium IV. It is con- 
ceivable that the medium was out of the optimum 
range for de-esterification if attributed to the enzyme 
pectinesterase; but, since most of the cultures are very 
oxidative types, the pH values of the media shifted 
toward 7 during the course of growth. 

Determinations for pH were run for certain of the 
cultures after 30 days of incubation in pectin media I 
and II. In general, the cultures that gave a positive 
test for de-esterification of medium I also elevated the 
pH to 7.0 or slightly above. The same elevation in pH 
was obtained for certain species of Debaryomyces, 
Hansenula, Endomycopsis, and Candida when grown 
in medium II but they gave a negative test for de-esteri- 
fication. 


DISCUSSION 


The basal liquid broth used in this study was a more 
complete medium for yeast growth than that used by 
Luh and Phaff (1951). Their mineral-pectin medium 
with glucose (0.2 per cent) was devoid of vitamins 
which would be considered essential for good growth of 
many of the species tested (Burkholder et al., 1944). 
Furthermore, their results apparently reflect this me- 
dium deficiency inasmuch as approximately one-half 
of the 41 species of yeasts tested gave only poor to fair 
growth. 

In a screening technique for pectin hydrolysis, good 
yeast growth would be essential and especially for the 
weak pectin-splitting organisms. It should also be 
pointed out that Luh and Phaff (1951) used 2 per cent 
pectin, whereas in the present study 0.5 per cent pectin 
was used because this was found to be a more critical 
level to measure the loss of a calcium pectate gel, 
especially for weakly positive yeasts such as the four 
strains of S. cerevisiae. 

De-esterification of pectin was observed with 20 
species and varieties of the yeasts investigated. Most 
of these were film-forming, oxidative types, capable of 
assimilating a wide variety of carbon compounds. 
Enzyme de-esterification was probably responsible for 
the action involved although this has not been estab- 
lished in the present work. Additional means of 
measurement would be required to demonstrate with 
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certainty the presence of pectinesterase. It is also 
possible that de-esterification was brought about by 
alkaline conditions produced in media as indicated 
by elevated pH values of 7.0 and above. However, 
heavy yeast growth in the pectin medium without 
glucose would afford presumptive evidence at least of 
the presence of an enzyme system capable of partially 
splitting the pectin molecule so it could be assimilated 
as a source of carbon. 

The significance of the de-esterification reaction by 
yeasts obtained from cucumber fermentations should be 
mentioned. Assuming that pectinesterase is responsible 
and is elaborated into the brine, it is very doubtful 
indeed if this enzyme per se would have any adverse 
effect on the firmness of the brined cucumbers. It was 
reported present in brines by Bell et al. (1950) but was 
not directly associated with lack of firmness. The pos- 
sible danger of pectinesterase might arise from the fact 
that it has been shown to speed the activity of poly- 
galacturonase and the rate of acceleration is directly 
related to the degree of de-esterification of the pectin 
substrate (Jansen and MacDonnell, 1945; Jansen et al., 
1945; Matus, 1948). This would imply that before 
rapid destruction of the protopectin in brined cucum- 
bers (and consequent softening) could occur, it would 
have to be in at least a partially de-esterified state. 
Microorganisms growing in the brine might be con- 
sidered as a source of the de-esterifying enzyme, but 
they are by no means the only possible source. Pectines- 
terase is widely distributed in plant material (Wehmer 
and Hadders, 1933) and its occurrence in the cucumber 
has been reported by workers in this laboratory (Bell 
et al., 1951). 

The evidence presented in this study would not 
appear to incriminate the fermentative species of brine 
yeasts tested to date as being a potential source of 
polygalacturonase in fermenting cucumber brines. Spe- 
cies of yeasts belonging to the genera Torulopsis, 
Brettanomyces, Zygosaccharomyces, Hansenula, and 
Torulaspora were negative for glycosidic hydrolysis of 
pectin. Such yeasts have been shown (Etchells and 
Bell, 1950b; Etchells et al., 1952) to be responsible for 
the gaseous fermentation of cucumbers under both 
southern and northern conditions. 

Species of Debaryomyces, Endomycopsis, and Candida 
obtained from films on cucumber brines were able to 
de-esterify pectin, but the hydrolysis evidently did not 
proceed further. Also, the film yeast Zygosaccharomyces 
halomembranis, which has been repeatedly found on 
northern brines, was negative for de-esterification of 
pectin. In this respect, its behavior was consistent with 
the other species of the genus Zygosaccharomyces exam- 
ined. The results to date for the species of yeasts asso- 
ciated with films on commercial brines demonstrate 
that they too are not a likely source for the softening 
enzyme polygalacturonase. 
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SUMMARY 

A total of 139 yeast cultures, representing 61 species 
and varieties in 15 genera, were investigated, by use of 
a simplified screening technique, for their ability to 
hydrolyze citrus pectin in cultural media as indicated 
by de-esterification and glycosidic hydrolysis. The cul- 
tures studied came chiefly from commercial cucumber 
brines and related brined, salted, and pickled material: 
51 species came from other yeast collections. 

In the following 6 genera, 20 species and varieties 
were capable of de-esterifying citrus pectin: Debaryo- 
myces, Candida, Endomycopsis, Hansenula, Rhodotorula, 
and Zygopichia. Included in the first 3 genera named 
were species of film yeasts found on the surface of com- 
mercial cucumber brines (that is, Debaryomyces mem- 
branaefaciens var. Hollandicus, Endomycopsis ohmeri 
and Endomycopsis ohmeri var. minor, and Candida 
kruset). 

Only 6 of the 139 cultures tested gave clear-cut tests 
for glycosidic hydrolysis of pectin. They were Saccharo- 
myces fragilis, S. fragilis var., and 4 strains of Sac- 
charomyces cerevisiae. All came from sources other than 
cucumber brines. 

The results to date on surface and subsurface yeasts 
from cucumber pickle brines give no evidence that such 
species would be incriminated as a potential source of 
the salt-stock softening enzyme polygalacturonase. 


REFERENCES 

BakeR, G. L. 1942 Methods of regulating the methoxyl 
content of pectins. Fruit Products J., 22, 10-12. 

Bex, T. A., ErcHewis, J. L., AnD Jones, 1. D. 1950 Soften- 
ing of commercial cucumber salt-stock in relation to 
polygalacturonase activity. Food Technol., 4, 157-163. 

Bex, T. A., Etcue.us, J. L., anv Jones, I. D. 1951 Pectin 
esterase in the cucumber. Arch. Biochem. and Biophys., 
31, 431-441. 

BuRKHOLDER, P. R., McVeicu, Inpa, AND Moyer, Dororuy 
1944 Studies on some growth factors of yeasts. J. 
Bacteriol., 48, 385-391. 

Demain, A. L., AnD Puarr, H. J. 1954 Hydrolysis of the 
oligogalacturonides and pectic acid by yeast polygalac- 
turonase. J. Biol. Chem., 210, 381-393. 

ErcHEeuis, J. L., AND Beti, T. A. 1950a Film yeasts on 
commercial cucumber brines. Food Technol., 4, 77-83. 

ErcuHetis, J. L., anp Bett, T. A. 1950b Classification of 


yeasts from the fermentation of commercially brined 
Farlowia, 4, 87-112. 


cucumbers. 





1956] 


ErcHELL 
Iden 
tatic 

JANSEN, 
metl 
poly 

JANSEN, 
Simi 
este 

JosEPH, 
Hig 
thei 

JoSLYN, 
the 
Cor 

LINEWE 
Ady 

Lun, B 

ona 


33, 


Th 
(2,4- 
been 
Brow 
(195€ 
clave 
2,4-] 
and 
were 
and | 
week 
soil - 
that 
tivat 
abso 
mat 
2,4- 

A 
and 
rapl 
Auc 
of d 
as | 
Jen 
ism 
the 
was 
att 








ML. 4 


8 for 
Uni- 
sity: 
\gri- 
Dr, 
ures 
and 
art 


cles 
€ of 
’ to 
ited 
cul- 
iber 
‘al: 


ties 
rY0- 
ula, 
ned 
m- 
em- 
veri 


ida 


sts 
Lr'0- 
ac- 
1an 


Sts 


ich 


of 


on 


of 





1956] MICROBIAL DECOMPOSITION OF 2,4-D 201 


ErcxeLs, J. L., Costitow, R. N., anp Bett, T. A. 1952 
Identification of yeasts from commercial cucumber fermen- 
tations in northern brining areas. Farlowia, 4, 249-264. 

JanseN, E. F., anv MacDonne.i, L. R. 1945 Influence of 
methoxyl content of pectic substances on the action of 
polygalacturonase. Arch. Biochem., 8, 97-112. 

JanseN, E. F., MacDonne ui, L. R., ann Jane, R. 1945 
Simultaneous actions of polygalacturonase and _ pectin- 
esterase on pectin. Arch. Biochem., 8, 113-118. 

JosepH, G. H., Kreser, A. H., anp Bryant, E. F. 1949 
High-polymer, ammonia-demethylated pectinates and 
their gelation. Food Technol., 3, 85-90. 

Josuyn, M. A., AND Puarr, H. J. 1947 Recent advances in 
the chemistry of pectic substances. Wallerstein Lab. 
Communs., 10, 39-56. 

JINEWEAVER, H., AND JANSEN, E. F. 1951 
Advances in Enzymology, 11, 267-295. 

Lun, B. 8., AND Puarr, H. J. 1951 Studies of polygalactur- 
onase of certain yeasts. Arch. Biochem. and Biophys., 
$3, 212-227. 


Pectic enzymes. 


Luu, B. S., ano Puarr, H. J. 1954a Properties of yeast 
polygalacturonase. Arch. Biochem. and Biophys., 48, 
23-37. 

Luu, B. 8., anp Puarr, H. J. 1954b End products and 
mechanism of hydrolysis of pectin and pectic acid by yeast 
polygalacturonase (YPG). Arch. Biochem. and Biophys., 
61, 102-113. 

Matus, J. 1948 Untersuchungen iiber die aktivitat der pek- 
tinase. Ber Schweiz. Botan. Ges., 58, 319-381. 

Puarr, H.J., anp Jostyn, M. A. 1947 The newer knowledge 
of pectic enzymes. Wallerstein Lab. Communs., 10, 133- 
148. 

Pirrman, G. A., AND Cruess, W. V. 
pectin by various micro-organisms. 
21, 1292-1295. 

RoELoFsEN, P. A. 1953 Polygalacturonase activity in yeast, 
Neurospora and tomato extract. Biochim. et Biophys. 
Acta, 10, 410-413. 

Weume_r, C., aNp Happers, M. 1933 Handbuch der Pflanzen. 
analyse, IV, p. 887. J. Springer, Vienna 


1929 Hydrolysis of 
Ind. Eng. Chem., 


Microbial Decomposition of 2 .4-Dichlorophenoxyacetic Acid 


R. L. WALKER AND A. S. NEWMAN 


Biological Warfare Laboratories, Fort Detrick, Frederick, Maryland 


Received for publication March 15, 1956 


The inactivation of 2,4-dichlorophenoxyacetic acid 
(2,4-D) and other hormone-type herbicides in soil has 
been shown to result largely from microbial action. 
Brown and Mitchell (1948) and Hernandez and Warren 
(1950) showed that 2,4-D was not inactivated in auto- 
claved soils. DeRose and Newman (1948) found that 
2,4-D, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 
and 2-methyl-4-chlorophenoxyacetic acid (MCPA) 
were inactivated in 3 to 6 weeks in nonautoclaved soils, 
and that these compounds persisted more than 9 to 15 
weeks in autoclaved soils. Many studies on the effect of 
soil moisture and soil temperature also have indicated 
that microorganisms are the primary cause for the inac- 
tivation of 2,4-D. Under some conditions, leaching or 
absorption by soil constituents, particularly by organic 
matter, are important factors in the inactivation of 
2,4-D and other growth regulators. 

Audus (1949), Newman, e@ al. (1952), and Rogoff 
and Reid (1952), found 2,4-D to be decomposed more 
rapidly in soils in which it had decomposed previously. 
Audus (1950, 1951, 1952) isolated an organism capable 
of decomposing 2,4-D and MCPA which was identified 
as being a member of the Bacterium globiforme group. 
Jensen and Petersen (1952a, 1952b) isolated two organ- 
isms which were capable of decomposing 2,4-D. One of 
these was identified as Flavobacterium aquatile, which 
was capable of rapidly decomposing 2,4-D, but did not 
attack MCPA. The other organism was not identified. 


It resembled Corynebacterium but was gram negative, 
and was capable of slowly decomposing 2,4-D and 
MCPA. Rogoff and Reid (1954) also isolated an organ- 
ism tentatively identified as a Corynebacterium species. 
The present paper describes a bacterium capable of 
decomposing 2 ,4-D in soil and in liquid substrates. This 
organism is culturally distinct from the bacteria de- 
scribed by the authors cited. 


METHODS AND RESULTS 


Isolation. Isolation of the bacteria employed in these 
experiments was accomplished by an enrichment tech- 
nique. A 1:1000 dilution of a sample of Duffield silt 
loam, pH 6.2, in which 2 applications of 2,4-D had 
decomposed was plated out. The medium (no. 1) used 
for plating had the following composition per L: 2,4-D, 
1 g; NH«H2PO,, 1 g; KCl, 0.2 g; MgSO,-7H.0, 0.2 g; 
and agar, 15 g. The pH of the medium was 7.1. The so- 
dium salt of 2,4-D was used in all experiments, but 
amounts were based on the acid equivalent. 

After an incubation period of 17 days at 25 C, smail, 
white bacterial colonies were evident. By streaking 
on plates of the same medium, 7 bacterial cultures were 
separated from fungal contaminants. Of these, 4 cul- 
tures appeared to be identical except for minor strain 
variations. These 4 cultures (A, C, D, and F) were able 
to decompose 2,4-D and have been maintained on 
artificial substrates for more than 50 months without 
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loss in vigor. Culture B, which was similar to A, C, D, 
and F both culturally and morphologically, was not 
able to decompose 2,4-D. The remaining cultures, E 
and G, initially grew more rapidly than the other 5 
cultures on a medium which contained glucose as well 
as 1000 ppm 2,4-D. These 2 cultures ceased growing on 
subsequent transfers. 

Morphology and cultural characteristics. The 4 strains 
of bacteria capable of decomposing 2,4-D are gram 
negative nonsporeforming rods, averaging 2.1 to 4.6 u 
in length by 0.5 to 1.0 w in width. The cells are fre- 
quently banded when stained with carbol fuchsin. 
Branched forms and gram positive granules have been 
noted occasionally, particularly in liquid media con- 
taining only 2,4-D and inorganic salts. The cells are 
motile, having from 1 to 6 polar flagella. 

This organism fails to grow, or produces extremely 
scanty growth on the ordinary laboratory media. Best 
growth is obtained on an agar medium (no. 2) of the 
following composition per L: 2,4-D, 0.2 to 1 g; yeast 
extract, 0.5 g; KNO;, 1 g; KsHPO,, 1 g; NaCl, 0.1 g; 
MgS0O,:7H;0, 0.2 g; and agar, 15 g with the pH ad- 
justed to 7.1. On slants of this medium, moderate 
growth is obtained in 3 days. The growth is dirty white, 
becoming cream-colored in older cultures, with no color 
change of the medium. The growth is flat, glistening, 
somewhat mucoid, echinulate with little tendency to 
grow out from the line of inoculation, and produces no 
odor. This organism, using agar or its impurities as its 
energy source, produces a very scant growth on medium 
1 without 2,4-D. It is inhibited or grows poorly in most 
instances on phenol, various chloro- and hydroxy- 
phenols, and phenoxyacetic acid (table 1). In general 
the growth is scant or moderate on the 2- and 4-chloro- 
phenoxyacetic acids. The organism is able to grow on 


TABLE 1. Growth of 2,4-D decomposers on various energy 
sources* following incubation of 9 or 10 days 





| PPM of Energy Source 
Energy Source 

















| so | 100 | 200 | 1000 
pth Sin 6 55 }+ | +] 4+] - 
2,4-Dichlorophenol............... | -}-j]- = 
3-Chlorophenol................... |+i—-]- =: 
4-Chlorophenol................... |+++| — oe = 
2-Chlorophenol................... i+] +]- — 
Phenoxyacetic acid............... | + | - = _ 
2-Chlorophenoxyacetic acid....... | a | ++) + }/ 44+ 
4-Chlorophenoxyacetic acid. ...... l+++|+++ +++] ++ 
RENN os once occurs ban cies | ee 
Es sac ins tos vate @ sce | = 
|. Utes alae ee [b++)+++ +4+4/4+4++4+ 
Basal substrate control........... | +] + +4 | 4. 





— = extremely scant to no growth, + = very scant growth, 
++ = scant growth, +++ = moderate growth. 

* Values are means of 3 replicates of 3 or 4 cultures on 
medium 1, substituting the indicated compounds for 2,4-D. 
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MCPA, although the growth is not as good as on 2,4-D, 
The growth on 2,4,5-T is no greater than on agar 
alone. 

Concentrations in the growth factor range of yeast 
extract, beef extract, sodium pyruvate, paraamino 
benzoic acid, and soil extract stimulate growth some. 
what. Higher concentrations of yeast extract and beef 
extract are inhibitory. Growth is restricted by a 2,4-D 
concentration of 5000 ppm and becomes very scanty at 
concentrations of 10,000 and 25,000 ppm. Addition of 
a vitamin mixture, 18 amino acids, or various inorganic 
ions to medium 1 as a liquid, did not enhance growth, 

The optimum temperature for growth is 28 to 30 C. 
Liquid cultures containing 2,4-D exhibit a slight tur- 
bidity with a scanty, viscid sediment but no surface 
growth. There is very scant or no growth on nutrient 
agar or in nutrient broth. Gelatin was not liquified in 
1 month. Growth on potato is very scanty, echinulate, 
glistening, and buff-colored. No acid or gas is produced 
from carbohydrates, and starch is not hydrolyzed. 
Nitrite is produced from nitrate but no gas is formed. 
An alkaline reaction is produced in milk. Indole and 
HS are not produced. 

Taxonomy. On a morphological basis this organism 
belongs in the genus Mycoplana as described in Bergey’s 
Manual (Breed et al., 1948). It differs from the de- 
scribed species, which have been examined, in several 
important features, including ability to decompose 
2,4-D, lack of growth on standard cultural media, and 
ability to reduce nitrates. 

This organism is morphologically and culturally dis- 
tinct from the 2,4-D decomposing bacteria isolated by 
Audus (1951) and Jensen and Petersen (1952b). The 
bacterium isolated by Audus was a nonmotile, gram 
negative, short rod, which grew in liquid media only 
in the presence of agar or yeast extract, and grew on 
sugars but with loss of ability to decompose 2 ,4-D. One 
of the organisms isolated by Jensen and Petersen was 
Flavobacterium aquatile, which grew readily on the 
standard laboratory media; the other was a small, non- 
motile, nonsporeforming irregular rod suggestive of 
Corynebacterium, predominantly gram negative but 
sometimes with gram positive granules. Thus the or- 
ganisms of Audus and Jensen and Petersen differ from 
those of the present paper in major morphological and 
cultural characteristics. 

Decomposition of 2,4-D in soil. The ability of the 
organisms isolated in this experiment to decompose 
2,4-D in soil and on various other solid substrates has 
been determined in a number of experiments. Deter- 
mination of the extent of 2,4-D decomposition was 
assayed by measuring the residual compound by the 
cucumber root elongation test of Ready and Grant 
(1947). At each sampling date an aliquot of the perfu- 
sate, or of soil in nonperfusion experiments, was diluted 
to give a theoretical concentration of 0.05 or 0.5 ppm 
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of 2,4-D, assuming that no decomposition had taken 
place. 

In a preliminary experiment, samples of Duffield silt 
loam in flasks were treated with 1 mg 2,4-D per 100 g 
soil, autoclaved, and then inoculated with cultures A, 
(, and D. After 1 month’s incubation at 28 C and 25 
per cent moisture in the soil, the residual 2,4-D was 
determined. Decomposition was complete with all 3 
cultures, and no decomposition had occurred in uninocu- 
lated controls. 

Additional studies were conducted employing the 
perfusion apparatus of Lees (1947), except that the 
apparatus was operated with air pressure instead of 
suction. The experiments were run at room temperature, 
generally between 22 and 27 C, using 100 ml of perfu- 
sate and 20 g of the 1- to 5-mm aggregates from an 0- 
to 3-inch sample of Duffield silt loam, which had been 
in sod for several years. The supply of soil was stored 
in the moist state at 5 C. 

In a preliminary perfusion experiment, nonsterile soil 
was inoculated with pure cultures and perfused with a 
solution containing 5 ppm 2,4-D. Decomposition of 
2,4-D was complete by the third day of perfusion with 
cultures A, C, D, and F, but no decomposition was 
evident with culture B. 

Additional experiments were conducted in which 100 
ppm 2,4-D solutions were perfused. This amount of 
2,4-D is equivalent to 2000 lb per acre with respect to 
the soil. Two lb per acre or less is commonly applied 
for weed control. The results from 2 such experiments 
are presented in table 2. Organisms A, C, D, and F 
speeded up the 2,4-D decomposition process in non- 
sterile soil. Inoculation of sterile soil with cultures A, C, 
and F resulted in the complete decomposition of 2,4-D. 
Inoculation of nonsterile soil with culture B had no 
effect on the length of persistence of 2,4-D. This organ- 
ism probably does not decompose 2,4-D, although it 
is capable of growing on the synthetic 2,4-D medium. 


TABLE 2. Decomposition of 2,4-D in inoculated soil 
in perfusion units* 











Time Required for Decomposition 
Culture 
Nonsterile soil Sterile soil 
days days 
Be ink uch GOES WUE 3 3 
et gu, SE ee eptrorrers 8 _ 
RR ene Mate owes Boba 5 2 
As Seuss leer aaa NOMAD ee oe 2 — 
ROR re I oil ioe so Be yi 4 2 
Normal population. ............ 8 9 
Soil suspension................. 5 == 








| 





* In nonsterile soil, the values are means of single determi- 
nations from 2 separate experiments, except for D and soil 
suspension, which are values for a single determination. The 
soil suspension was of a soil in which 2,4-D had decomposed. 
The values for sterile soil are means of triplicates. The soil 
was sterilized with ethylene oxide. 





PPM 2,4-D 











2 3 
DAYS PERFUSED 


Fig. 1. Decomposition of 2,4-D in soil inoculated with a 
heavy suspension of culture F in perfusion units. 


The initially sterile soils were retreated with a 1000- 
ppm solution of 2,4-D. The 1000-ppm solutions were 
decomposed completely in 10 to 14 days, including a 
lag period of 4 to 5 days during which there was no 
detectable change in the concentration. 

The rate of decomposition of 2,4-D in autoclaved 
soils inoculated with a heavy suspension of culture F 
is shown in figure 1. The perfusate contained 100 ppm 
of 2,4-D. From 35 to 75 per cent of the compound was 
decomposed during the first day of incubation, with the 
remainder being decomposed during the second day. 
This is in contrast with the results of other perfusion 
experiments with the normal soil population in which 
there was a 3- to 8-day lag period prior to onset of 
decomposition. 

Further perfusion experiments were conducted em- 
ploying Ottawa sand, fine gravel, glass beads, and glass 
wool in place of soil, and using liquid medium 1 with 
100 ppm 2,4-D as the perfusate. The pure cultures 
were capable of decomposing 2,4-D under these con- 
ditions, but generally the variation among replicates 
and the time required for complete decomposition were 
greater than with soil. 

Decomposition of 2,4-D in liquid substrates. A series 
of investigations was made to ascertain the ability of 
this organism to decompose 2,4-D in liquid substrates. 
In these studies, the concentration of residual 2,4-D 
was determined by the spectrophotometric method of 
Bandurski (1947), after first removing suspended cells 
by centrifugation at 10,000 rpm. This method is more 
accurate at high concentration of 2,4-D than the 
cucumber bioassay procedure, but could not be em- 
ployed in the perfusion experiments because of the 
presence of interfering substances in soil. 

A comparison was made of the ability of culture F 
to decompose 2,4-D in medium 2, with and without 
yeast-extract. Culture tubes containing 10 ml substrate 
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Fig. 2. Effect of yeast extract on decomposition of 2,4-D 
by culture F in liquid media measured spectrophotometrically. 


were inoculated with a loopful of growth from slants of 
medium 2. At daily intervals, 2 replicate tubes were 
pooled for assay. During the first day of incubation, the 
decomposition of the 200-ppm solution of 2,4-D was 
slow as would be expected (figure 2). The maximum 
rate of decomposition was attained on the third day for 
completely synthetic substrate and on the eighth day 
for the substrate containing yeast extract, but in both 
substrates decomposition was complete after 8 days’ 
incubation. Maximum turbidity after 8 days’ incuba- 
tion was 60 per cent greater in the yeast-extract 
medium. 

In parallel experiments it has been shown that decom- 
position of 2,4-D will proceed in the presence of small 
amounts of beef extract and peptone. In one experiment 
50 per cent of a 1000-ppm solution was decomposed in 
16 days. Spectrophotometric determinations made at 
intervals during the next 10 days showed that no further 
decomposition had occurred nor was there a shift in 
pH. The remaining cultures were incubated for 60 
days, at the end of which time another spectrophoto- 
metric determination showed that decomposition was 
complete. The organism will grow in other liquid sub- 
strates, but studies on the decomposition of 2,4-D in 
these media have not been made. 

Decomposition of 2,4-D by other microorganisms. The 
number of species of microorganisms capable of decom- 
posing 2,4-D appears to be quite limited when one 
considers that Audus (1952) found only 1 species; 
Jensen and Petersen (1952) found 2 species in one soil 
and 1 species in another and Rogoff and Reid (1954) 
found 1. In the initial experiments in this laboratory, 
only 1 species was found in Duffield silt loam. It was 
noted, however, that in plating out dilutions from per- 
fusion units and enriched soils a number of other 
colonial types were seen. These colonies represented 
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organisms which either were able to attack 2,4-D oy 
were tolerant to the amount present. Further isolations 
were made using the techniques previously described, 
and 10 additional cultures were obtained and tested for 
their ability to decompose 2,4-D. After isolation op 
medium 1, the organisms were grown and maintained 
on medium 2, but these new cultures also grew well on 
nutrient agar with or without 2,4-D. 

The ability of the cultures to decompose 2 ,4-D was 
determined in 5-g quantities of autoclaved Duffield 
silt loam contained in 18- by 150-mm culture tubes, 
Six-day growth from 2 to 4 slants (depending upon 
density of growth) was suspended in a solution of 2,4-D 
and 2 ml of this suspension was placed in each of 10 
replicate tubes of soil. This suspension contained 50 yg 
of 2,4-D, which is equivalent to 20 lb per acre of 2,4-D, 
and brought the soil to 70 per cent of the water-holding 
capacity. The tubes were incubated at 28 C. The resid- 
ual 2,4-D was assayed at intervals, using the cucumber 
root elongation procedure. This experiment was con- 
ducted within 6 weeks of the isolation of the cultures, 
Other cultures which had been held on artificial sub- 
strates for approximately 1 year were tested at the 
same time. 

Of the 10 new isolates, 3 were fungi (Penicillium sp, 
Trichoderma viridis, and Alternaria tenuis) which gave 
no indication of ability to decompose the 2,4-D in 8 
weeks. The remaining 7 cultures were bacteria, and of 
these 4 were capable of decomposing 2,4-D in 1 week’s 
time. Three of these cultures were gram negative, mo- 
tile rods and appeared to be strains of the organism 
previously described in this paper. Detailed cultural 
studies were not made, however. The fourth culture 
was grossly different from those previously described 
here and in the literature. This organism was a gram 
positive, nonmotile, short rod. It produced a dull, 
white, flat growth on medium 2. This culture and | 
of the 3 others capable of decomposing 2,4-D were 
subsequently lost when they failed to grow on any 
medium after several transfers. 

Nine bacterial cultures isolated from 9 different 
agricultural soil types in perfusion units were unable to 
decompose 2,4-D in this experiment. Shortly after iso- 
lation one of these cultures was able to decompose 2 ,4-D 
in liquid substrate and another was able to metabolize 
2,4-D in a manometric experiment. The ability of the 
remaining 7 cultures to decompose 2,4-D had not been 
ascertained previously. It seems likely that some of 
these cultures originally had the ability to attack 
2,4-D but subsequently lost it on repeated transfer. 
All 9 cultures produced moderate growth on medium 2 
and moderate to abundant growth on nutrient agar 
without 2,4-D. 

In the same experiment, a strain of Cellulomonas, 2 
strains of Bacterium globiforme (obtained from F. E. 
Clark) and Mycoplana bullata and M ycoplana dimorpha 
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(obtained from ATCC) were unable to decompose 
2,4-D. 

Metabolism of 2,4-D by resting cells. Audus (1952) 
suggested that the first step in the breakdown of 2,4-D 
and related compounds, such as MCPA and 2,4,5-T, 
is the removal of the acetic acid side chain by hydrolysis 
with the subsequent oxidation of the side chain leaving 
the corresponding phenols. More recently, Evans and 
Smith (1954) have detected a phenolic acid in a mineral 
salt medium containing 2,4-D which they suggest, on 
the basis of chromatography, to be 6-hydroxy-2,4- 
dichlorophenoxyacetic acid. Their evidence also indi- 
cates that the chloride radicals are not eliminated from 
the molecule until it has lost its aromatic character. 
Rogoff and Reid (1954) have also shown that the chloride 
is released quantitatively. Respiration studies of the 
metabolism of 2,4-D and some related compounds by 
a culture of the organisms described have been made. 

For the preliminary studies, culture F was incubated 
at 30 C for 3 days on slants of medium 2. The cells were 
harvested, washed several times, suspended in 0.02 
am Na-K-phosphate buffer, pH 7.1, and then stored 
overnight at 5 C. All experiments were run in air in the 
customary Warburg vessels at 30 C. The various sub- 
strates were tested at a concentration of 2 umoles. In 
later experiments, the cells were grown in liquid medium 
2 with heavy aeration and were harvested by filtration, 
using the technique of Cohen (1953). In all cases the 
yield of cells was low. After 3 to 4 days’ incubation in 
aerated medium 2 only about 100 mg of cells (wet 
weight) were obtained per L of substrate. Attempts to 
grow the culture on medium 2 in Roux bottles were 
only moderately successful, due to the tendency of the 
culture to grow down into the agar, making the harvest- 
ing of the cells extremely unsatisfactory. Changing the 
agar concentration did not improve growth character- 
istics. 

The oxidation of 2,4-dichlorophenoxyacetic acid 
(2,4-D) and 2,4-dichlorophenol (2,4-DCP) begins 
without a lag period and is characterized by an initial 
rapid oxygen uptake (figure 3). During the oxidation 
6.5 and 5.5 mM of oxygen were consumed per M of 2,4-D 
and 2,4-DCP respectively. Respiratory quotients were 
determined as 1.23 for 2,4-D and 1.09 for 2,4-DCP. 
These values agree with the theoretical calculated 
values for complete oxidation of these substrates. 
These data indicate that the ring is rapidly and com- 
pletely metabolized. Further evidence to support this 
conclusion has been obtained in experiments utilizing 
2,4-D labeled in 3 positions with C™ and in other 
experiments in which the residual chloride was deter- 
mined potentiometrically. The results of these experi- 
ments will be published at a later date. 

This culture metabolized 2-methyl-4-chlorophenoxy- 
acetic acid (MCPA) but did not appear to carry out a 
complete decomposition. As shown in figure 3, the rate 








24° 
ry 
© wc’, 
« 
te 
& 200) 
a 
° 
of 
ne 24° 
z 
w 
=x 
< 
& 
a 100 
“ 
° 
60 120 180 














TIME, MINUTES 
Fig. 3. Oxidation of 2,4-dichlorophenoxyacetic acid (2,4-D), 
2,4-dichlorophenol (2,4-DCP), 2-methyl-4-chlorophenoxy- 
acetic acid (MCPA), 2,4,5-trichlorophenoxyacetic acid (2,4,5- 
T), phenoxyacetic acid, and phenol. Amounts of substrates 
employed: 2 4 moles. All curves corrected for endogenous res- 
piration. 


of oxidation of MCPA was much lower than for 2,4-D. 
Approximately 5 m of oxygen were consumed per M of 
substrate, and the respiratory quotient was 1.15 as 
compared to a theoretical 1.20 for complete decomposi- 
tion. Additional substrates tested and found to be 
metabolized much the same as 2,4-D were: 2-chloro- 
phenoxyacetic acid, 4-chlorophenoxyacetic acid, and 
2-hydroxy-4-chlorophenoxyacetic acid. This culture 
was found to have only low activity toward 2,4,5- 
trichlorophenoxyacetic acid (figure 3). The oxidation 
was characterized by a rapid initial oxygen uptake but 
was only of the order of 1 m per m of substrate. Phenol 
and phenoxyacetic acid were metabolized slowly and 
the oxidation was not characterized by an initial rapid 
oxygen uptake. It seems unlikely that these compounds 
are involved as intermediates in the decomposition of 
2,4-D. 
DIscUSSION 

The results presented are in general agreement with 
those reported by Audus (1949-1951), Jensen and 
Petersen (1952a, b), and Rogoff and Reid (1952, 1954) 
and show that 2,4-D is decomposed by soil microorgan- 
isms. The organisms responsible for the decomposition 
of 2,4-D in Duffield silt loam are the result of either 
adaptation or mutation. If the ability of the organisms 
to decompose 2,4-D resulted from an adaptation 
phenomenon, the lag period would be the same for 
each addition of 2,4-D, since the adapted cells would 
revert to normal activities following the removal of the 
2;4-D. In the case of a mutation, a residual population 
would remain after the decomposition of 2,4-D which 
would provide the nucleus of an active population 
capable of more rapid breakdown of subsequent appli- 
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cations. Results from field and laboratory data previ- 
ously reported (Newman ef al., 1952), showed that 
2,4-D disappeared from soil more rapidly with the 
second application. 

Although the organisms capable of decomposing 
2,4-D, as described in this paper and by several other 
investigators, represent a restricted group of micro- 
organisms, results at this laboratory indicate that a 
more varied flora may have this ability. The isolation 
technique employed would preclude obtaining organ- 
isms sensitive to high concentrations of the herbicide, 
yet capable of decomposing it at lower concentrations. 
Several 2,4-D-decomposing organisms have been 
isolated which failed to grow after a few transfers. This 
indicates that the media used for isolation and main- 
tenance of these cultures are lacking in some factor(s) 
earried over from the initial isolation. This material 
then falls below the required level upon subsequent 
transfer and results in loss of viability. The cultures 
which are maintained must therefore be less fastidious 
in their growth requirements as the result of a selection 
process. The apparent inability of the described cultures 
to grow well without 2,4-D points strongly toward a 
mutational origin. 

It should be pointed out that the amounts of herbi- 
cide applied in these experiments are fantastically high 
as compared to the amounts normally used in weed 
control work. In the perfusion studies, the amount 
applied was equivalent to a treatment rate of 2000 Ib 
per acre as compared to the 2 |b or less normally used 
for weed control. The conditions prevailing in per- 
fusion studies approach the ideal with regard to moisture, 
temperature, and aeration. The results of such experi- 
ments cannot always be interpreted in the light of what 
happens under field conditions, where these ideal 
conditions are not the rule. As an example, in our per- 
fusion experiments 2000 lb. per acre of 2,4-D was com- 
pletely decomposed in 7 to 13 days in uninoculated 
soil; in the field 2 lb per acre is decomposed in 3 to 6 
weeks (DeRose and Newman, 1948). 
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SUMMARY 


The isolation and culture of a microorganism tenta- 
tively identified as a species of Mycoplana are described. 
The bacterium was a gram negative, pleomorphic, 
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motile rod which rapidly decomposed 2,4-D in soil and 
in solid and liquid synthetic media. Resting cell gus. 
pensions were shown to rapidly metabolize 2,4-D 
completely, and other similar compounds to a. lesser 
degree. Requirements for optimum growth indicated 
that the organism was a mutant. 
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During the years 1942 through 1945 the author was 
given the assignment of directing a research program on 
fat formation in yeast. The work resulted in the first 
full-scale production of a fat-enriched yeast from sulfite 
liquor in 1944, and a summary of the data obtained was 
published (Schulze, 1951). The yeast. was being pro- 
duced at one of the largest paper mills in Germany. The 
process used was aerobic fermentation on a continuous 
flow basis, very similar to the process now used at 
several factories in the United States. 

Recently, methods of mathematical treatment of 
continuous flow operation have been developed. We 
have applied the mathematical approach to the data 
obtained on the production of high-fat yeast from 
sulfite liquor. The results are presented in this paper. 


MATERIALS AND METHODS 


The sulfite liquor was prepared by removing most of 
the free SO., adjusting the pH by mixing with lime, and 
adding nutrient salts, mainly liquid ammonia, ammo- 
nium biphosphate, and potassium chloride. The nitro- 
gen level was kept at approximately 900 ppm and the 
phosphate level at 700 to 800 ppm as P.O;. The re- 
ducing sugar, as measured by the Bertrand method, 
ranged from 3 to 4 per cent. 

In the production phase, the prepared sulfite liquor is 
fed at a continuous rate into the aeration tank where the 
yeast is propagated. The liquid level and, therefore, the 
volume of the mash are kept constant by an overflow 
line. The mash containing yeast leaves the aeration 
tank at the same rate as the sulfite liquor enters. The 
feed rate is adjusted so that a constant concentration of 
yeast is maintained. The process is mainly controlled by 
checking the residual sugar and the yeast concentration 
in the effluent. Normally the residual sugar is kept at 
0.4 to 0.8 per cent, so that approximately 80 to 90 
per cent of the incoming sugar is oxidized or converted 
into yeast cells. An increase in the residual sugar is 
usually the first sign that the process is not working 
normally. In most cases this condition can be cured 
by reducing the feed rate (Q) which means increasing 
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; ; J " ; 
the detention time 0 With the process in balance, 


the detention time is inversely proportional to the 
growth rate (K) of the organisms. Thus a continuous 
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flow type process provides a very convenient way to 
evaluate AK under various conditions. The situation 
may be expressed graphically as follows. 


AERATION TANK 


C.Q | QMC, 
sine a 
feed effluent 





The following mathematical formulation which has 
been used by Garrett and Sawyer (1952) may serve 
to illustrate this point: 

C, = Concentration of nutrient in feed 
C, = Concentration of nutrient in tank and in effluent 


Q = Rate of flow 
V = Volume of unit 


V ‘ : 
0 = Detention time 
: = R = Inverse detention time 


M = Concentration of organisms in the tank and in 
the effluent 
kK = Rate of growth 


It then follows: 


dM 
7— = KVM —Q)J) 
J dl 1 —QM 
dM Q 
—_ = KM-—-=—\ 
dt KM V T 
dM “ 
The rate of change of the concentration of organisms 
in the tank (=) is equal to the gain in organisms 


(KM) minus the loss of organisms in the effluent 
(RM). To keep the process balanced it is necessary to 
maintain a steady concentration of organisms in the 
A : 
tank, = = 0. The equation shows that, to fulfill 
this condition, R has to be equal to K; therefore, 
KM — RM = 0. M, the concentration of organisms, 
is undetermined in this equation. It depends above 
all on the difference between C,, the sugar concentra- 
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tion in the feed and (,, the residual sugar concentra- 
tion in the efuent. As long as these are kept constant 
M will be constant. Thus R, the inverse detention 
time, gives us a direct measure of K, the growth rate, 
provided the process is in balance. If Q, the feed rate, 
is low we also have a low value of R = K, the growth 
rate is low and vice versa. 

The yeast normally produced under the conditions 
outlined above is rich in protein but low in fat. On the 
average, it contains 55 per cent protein, 4.5 per cent 
fat, 4 to 5 per cent total phosphorus as P.O;, and 8 to 
9 per cent ash on a dry-weight basis. Preliminary ex- 
periments had shown that by reducing the phosphate 
concentration in the nutrient solution, it was possible 
to increase the amount of fat in the cells 6 to 7 times. 
At the same time, it was found that cells which were 
rich in fat had a low reproduction rate. In order to 
get more detailed data on the growth rate and the fat 
formation under various phosphate supply rates, a 
modified continuous flow process was used. 

Sulfite liquor lends itself very readily for such an 
experiment because it originally contains very small 
amounts of phosphorus, in the order of 30 to 50 ppm 
P.O,;. As has been mentioned, for normal yeast pro- 
duction the phosphate concentration was stepped up 
to about 800 ppm by adding ammonium biphosphate. 
In the experiment, a liquor was used which had been 
prepared as normal except that no phosphate was 
added. The phosphate was introduced by a separate 
feed line in form of a 2 per cent ammonium biphos- 
phate solution. This arrangement made it possible to 
vary the phosphate supply at will. The sulfite liquor 
contained about 900 ppm nitrogen as liquid ammonia 
so that the slight variation in nitrogen supply with 
varying doses of the phosphate solution should be in- 
significant. 

The aeration tank containing 60 to 80 L liquid was 
started with a normal yeast and a normal phosphate 
supply which corresponded in this case to 18 ml per 
min of a 2 per cent ammonium biphosphate solution. 
This is later designated as 100 per cent phosphate 
supply and the supply rates are given as a percentage 
of the full amount. Under these conditions, the process 
was in equilibrium at a yeast concentration of 14 to 
18 g per L and a detention time of 7.1 hr, which cor- 
responds to a growth rate of K = 0.141. The residual 
sugar in the effluent ranged from 0.4 to 0.6 per cent 
and the yeast showed a normal average composition 
as mentioned above. At this stage, the phosphate sup- 
ply was shut off completely. As a result, the residual 
sugar curve showed a continuous upward tendency. In 
order to keep the process in balance, the feed rate had 
to be reduced step by step. The total phosphorus con- 
tent of the cells decreased gradually to 0.5 per cent. 
The detention time finally reached 165 hr, which means 
that the growth rate K decreased to 0.006. In other 
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words, the carbohydrate assimilation and the repro- 
duction of the cells had ceased almost completely. 
From this point on the phosphate supply was started 
at increasing rates from 1 per cent to 100 per cent and 
for each supply rate equilibrium conditions were 
checked and analyzed. Temperature, pH, aeration, 
concentration of the yeast cells and residual sugar jn 
the effluent were kept constant as much as possible. 
The yeast used in starting several of these experiments 
was Candida tropicalis, but no pure cultures were 
maintained. During the course of the experiments a 
mixed population established itself, of which Candida 
was the major constituent. But there were always 2 to 
4 other types of yeast present which were not iden- 
tified. 
RESULTS 

The results of these experiments are presented in 
the accompanying tables and graphs. First, it is inter- 
esting to follow the residua] phosphate in the effluent. 
Table 1, column 2, shows that in the beginning it 
remains between 8 and 20 ppm, regardless of the in- 
creasing phosphate supply. This indicates that all the 
phosphate which is continually flowing into the aera- 
tion tank is being taken up by the yeast cells and 
converted into an indiffusible form. At 56 per cent 
ammonium biphosphate supply the first slight increase 


TABLE 1. Relationship between phosphate dose, residual 
phosphate, and phosphorus concentration in yeast 


Relative : 
"Does | ake. Phpaione | Daten | Rep 
cars PM Dat, : in Yeast Pe : ate 
Maximum, | Te emueee” | Cent POs | hr” | KX toe 
Supply 
1 8-20 0.48-0.6 42-165 0.6 
2.5 8-20 0.5 -0.7 20 5.0 
10 8-20 | 9.3 10.75 
12 8-20 | — 13.3 7.52 
15 8-20 9.4 10.64 
25 8-20 2.3 8.9 11.20 
31 8-20 —_ 7.9 12.65 
40 8-20 = 7.5 13.33 
56 20 4.8 ia 14.10 
78 25-80 5.2 14.10 
100 132-480 5.2 ’ 14.10 


Experimental conditions: Total phosphorus in veast. cells 
determined gravimetrically; residual phosphate in effluent 
determined colorimetrically. 

Maximum dose of phosphate supply: 18 ml 2 per cent 
ammonium biphosphate solution per min. 

Feed: sulfite liquor from beech wood, reducing sugar 3 to 
3.5 per cent. 

Nutrient salts: 28 g N as ammonia, 15 g KCI per kg reducing 
sugar. 

pH in feed, 4.2 to 4.3; pH in aeration tank; 5.0 to 5.5. 

Volume of aeration tank (mash): 60 to 80 L. 

Residual sugar in effluent: 0.4 to 0.6 per cent. 

The detention times are average values of several days run 
in equilibrium. 

Aeration: Approximately 1800 L air per hr. 
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Fic. 1. Relationship between phosphate dose, residual 


phosphate, and phosphorus concentration in yeast. 
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Fic. 2. Relationship between the rate of phosphate supply 
and the reproduction rate K. 


in the residual phosphate is noticeable, and at 78 per 
cent it goes up to 80 ppm. At 100 per cent supply, 
the data indicate that most of the phosphate is not 
used but leaves the tank in the effluent (132 to 480 
ppm residual phosphate). The explanation is given by 
the analysis of the total phosphorus in the cells. Col- 
umn 3 shows that this level increased according to the 
supply from 0.5 per cent to a maximum of 5.2 per 
cent on a dry weight basis. This limit is reached some- 
where between 56 and 78 per cent ammonium biphos- 
phate supply. In figure 1, these data are plotted to- 
gether. The abscissa indicates the relative phosphate 
supply in per cent of the maximum dose and the ordi- 
nates represent the residual phosphate in the effluent 
or the total phosphorus of the yeast cells measured 
as P.O; on a dry weight basis. 

In general, the following conclusions can be made: 
Aerobically growing yeast cells accumulate phosphate 
as long as the phosphate concentration in the medium 


209 


is above 8 to 20 ppm and as long as the total phos- 
phorus concentration in the cells has not reached a 
saturation value, in this case 5.2 per cent. At a con- 
centration below 8 ppm, the phosphate is not available 
to the cells under the conditions studied, even if they 
are phosphate deficient. Therefore, the phosphate con- 
centration of the effluent remains between 8 and 20 
ppm regardless of the increasing phosphate supply. 
All the phosphate above 8 to 20 ppm is accumulated 
by the cells and converted into cell phosphorus. As 
soon as the phosphorus demand of the cells has been 
satisfied, any additional phosphate supply appears as 
residual phosphate in the effluent. 

Furthermore, it can be concluded that, up to at 
least 56 per cent relative phosphate supply, the increase 
of the supply rate actually means an increase in the 
phosphorus content of the cells. 

It has already been mentioned that the phosphate 
supply has a deciding influence on the rate of carbo- 
hydrate metabolism and the growth rate K. In col- 
umns 4 and 5, table 1, the values for the detention 
time and the reproduction rate K are given. In figure 
2, these data are plotted to show the relationship be- 
tween the rate of phosphate supply and the reproduc- 
tion rate K. 

iven though the experimental values are scattered 
due to the many factors which had to be controlled 
simultaneously, it can be seen that no direct propor- 
tionality exists. The curve is similar to an adsorption 
or saturation curve. The increase in K, the reproduc- 
tion rate, is determined by the phosphorus concentra- 
tion gradient, in other words by the difference between 
a saturation value and the concentration X at a given 
point. When the concentration gradient is great, a 
small increase in the phosphate supply produces a 
large increase in the growth rate. But from 56 per cent 
relative phosphate supply on, K becomes practically 
independent and stays at the same level. Bearing in 
mind, that up to this rate of phosphate supply we are 
actually dealing with increasing phosphorus concentra- 
tions in the cells, it can be concluded that this curve 


TABLE 2. Relationship between phosphate dose and fat 
content of the yeast 




















Relative Phosphat = oes Proteint in P S f Fat and 
Done in Per Cent | Fats inver Cent | P*Ceat! Dry | Protein ig Per Cent 
of Ma: | eight Dry Weight 
100 | 4.2 52.8 57.0 
100 | 4.2 52.3 56.5 
56 | 6.0 45.7 51.7 
2.3 | 22.6 29.9 52.5 
2.3 | 26.0 28.6 54.6 
10 | 20.8 31.2 52.0 
1.0 | 24.8 | 31.9 56.7 


| | 


* Fat—total ether extract. 
7 Protein—total N X 6.25. 
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illustrates the relationship between the rate of cell 
growth and the phosphorus concentration in the cell. 

Table 2 shows the influence of the phosphate supply 
on the fat formation. It is quite apparent that a high 
phosphate supply results in a yeast which is rich in 
protein and low in fat. With decreasing phosphate 
supply, the balance between these two cell constituents 
tends to become reversed: The fat increases and the 
protein decreases. That a balance between protein and 
fat exists is shown in column 4. The sum of the two 
components remains at an average of about 54 per 
cent throughout the experiment. 


DISCUSSION 


In summing up, it can be said that by a controlled 
phosphate dosage in an aerobic continuous flow process 
it is possible to control the phosphorus concentration 
in the yeast cells. Apparently, there exists a definite 
lower and upper limit as to the amount of phosphorus 
yeast cells are able to accumulate. In the case investi- 
gated, the lower limit was 0.5 per cent and the upper 
limit 5.2 per cent, measured as P.O; on a dry-weight 
basis. The concentration of phosphorus in the cells has 
a deciding influence on the rate of carbohydrate assimi- 
lation, the rate of reproduction, and the protein and 
fat metabolism. At high phosphorus levels (4 to 5 per 
cent P.O;), the cells reproduce fast and are rich in 
protein and low in fat. At low phosphorus levels the 
rate of carbohydrate assimilation and the growth rate 
are also low. Simultaneously the balance between pro- 
tein and fat synthesis is shifted towards the synthesis 
of fat. 

That a decrease in phosphate supply stimulates fat 
synthesis has been confirmed for several other micro- 
organisms. Thus Fusarium sp. increased its fat content 
from 7.6 to 46.8 per cent in correlation with a decrease 
from 1.5 g KH.PO, per L nutrient solution to 0.15 g 
KH.2PO, (K. L. Schulze, unpublished data). Pan et al. 
(1949) found the same type of relationship in Rhodo- 
torula gracilis. The same organism was studied by 
Nielsen and Nilsson (1953) and Nilsson and Nielsen 
(1953) with similar results. In addition, their data 
indicate that nitrogen deficiency produced a higher fat 
content than lack of phosphate. Lundin (1950) reported 
that with a combination of low phosphate and nitrogen 
supply 50 to 64 per cent of fat could be obtained in 
Rhodotorula gracilis. Lack of nitrogen has been known 
since the early work of Lindner in 1922 to stimulate 
fat synthesis in Endomycopsis vernalis. Recently, 
\fuas-Forster (1955) showed that by decreasing the 
phosphate supply, 50 to 60 per cent fat was formed in 
Endomycopsis. She also observed that the uptake of 
phosphorus and nitrogen are correlated. Lack of phos- 
phorus resulted in a marked decrease of nitrogen assim- 
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ilation. On the other hand, if the nitrogen in the nu. 
trient solution was depleted, phosphorus assimilation 
stopped completely. Apparently, both factors contro 
the amount of protein synthesis. When either one of 
them is in deficiency, protein synthesis decreases anq 
the excess intermediary products of the carbohydrate 
metabolism are channelled into fat synthesis. 

The relationship between phosphate supply and 
reproduction rate is actually a relationship betwee) 
phosphorus concentration in the cells and the repro- 
duction rate K. In general, it has the form of a satura. 
tion or adsorption curve. K is proportional to the 
concentration gradient or the difference between the 
saturation concentration and the existing concentra. 
tion of phosphorus in the cells. 


SUMMARY 


A mathematical treatment has been employed to! 


evaluate the effect of phosphate supply on the rate of 
growth and fat formation in yeast when grown on 
sulfite liquor. The phosphorus concentration in the 
yeast cells is established by controlling the phosphate 
concentration of the medium in an aerobic continuous 
flow process. 

At high phosphorus levels, the cells reproduced fast 
and were rich in protein and low in fat. At low phos- 
phorus levels, the rate of carbohydrate assimilation 
and the growth rate were also low. Simultaneously the 
balance between protein and fat synthesis was shifted 
toward the synthesis of fat. 
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The heat resistance of a batch of microorganisms 
exposed at a particular lethal temperature frequently 
is expressed by a parameter D (or Z) that denotes the 
time in minutes required to reduce the number of 
viable organisms present at any time by 90 per cent. 
Use of this parameter rests on the negative exponential 
survival rule that is observed to hold at least approxi- 
mately; that is, on 


N= | Po alee — | ae (1) 


where Ny is the number of viable organisms at zero 
time, V is the number surviving at time ¢ (in minutes), 
and e is the base of natural logarithms (2.718---). 
The decimal reduction time D is related to the sur- 
vival-rate parameter k by 


D = log, 10/k = 2.3026/k. (2) 


N frequently is estimated by a binomial count; that 
is, by the numbers of sterile and viable samples in 
groups that are exposed for various periods at the 
lethal temperature. An estimate of N, N, can be cal- 
culated for a particular period by the relationship 

N; = log. (ni/ri) (3) 
where n,; is the number of samples for the 7’th period 
that are incubated and r; is the number that prove to 
be sterile. Stumbo et al. (1950) justified the use of (3) 
by reference to the Halvorson-Ziegler formula for the 
dilution count, which is identical with (3). Both ap- 
plications rest on the Poisson probability distribution 
for events that occur with low frequencies and thus (3) 
is valid for the small proportions of organisms that 
survive a period of severe heating as well as for a 
conventional dilution count. Stumbo et al. suggested 
that values for D be calculated by (3) for each heating 
period that achieved sterilization of some but not all 
of the samples, and averaged to give an estimate of 
D, Dunw . At any given period 


t; 
ee. Se = 
logio No — logio log. (*) 
‘ (4) 
_. 32, 
loge No — log. log. (**) 
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Then 


j 
ee (5) 
j i=l 
where j is the number of periods calculated. This 
method of estimation may be called the ‘‘unweighted 
average D for individual times’ method or, more 
simply, the “unweighted average” method. 

D values calculated by this method were shown by 
Reynolds and Lichtenstein (1952) to increase with 
increasing periods of heating, and the effect was in- 
vestigated further by Pflug and Esselen (1954). This 
effect appears to cast doubt on our understanding of 
the survival-time relationship in the exposure of bac- 
terial spores to lethal heat; thus, Reynolds and Licht- 
enstein suggested that the effect gives evidence 
against an exponential survival relationship, and Pflug 
and Esselen referred in general terms to a discrepancy 
between “quantitative counting” (plate counts?) and 
N. 

It is shown in this paper that the effect arises from 
a systematic bias in the unweighted average method 
of estimation. Unbiased methods are illustrated for 
the estimation of D values where binomial counts are 
used. 


THE PROBABILITY DISTRIBUTION OF 
STERILE SAMPLES 
Let P be the probability that a particular sample 
will be sterile; it will be related to the period of heating. 
The probability that a particular organism will sur- 
vive being II = N/No, the probability that it will 
not survive in this sample is 


N oo ett 
No 





1— (6) 


by (1); therefore the probability that none of the No 
organisms will survive (which is the probability of a 
sterile sample) is 


log. P = No log. (1 — e-**) 


ae ettyNo ; 


(7) 
Then 


(8) 
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sterile samples in groups of six, where the probability P of 
an individual sample being sterile is given by 


log.(— log. P) = loge No — kt, No = e®, k = 1. 
and if e~** is small, as it is when Ny is large compared 
to N (by (1)), 
log. P = —N,p e kt (9) 


which is the approximation obtained by substituting 
— e-** for x in the first term of the well-known series 


2 3 
og(l +2) = 2—-F4+5—-+-,-1<2<1. (10) 


Ordinarily only the first term will be significant; a 
borderline example will be illustrated later (in footnote 
1 of Table 6). From (9) and (1) 


P i e Noe *t me N (11) 


Inasmuch as p = r/n is an estimate of P 
N = log, (n/r) 

. ° ° " ~ <—W os 
which is equation (3). Furthermore P = e~ is the 
term of the Poisson probability distribution for zero 
occurrences where N is the expected or mean number 
of occurrences (surviving organisms). 

The probability of obtaining r sterile samples in a 
group of size n, is given by the general term of the 
binomial probability distribution, 


nme Pl = P)" e (12) 


Prir} = ri(n — r)! 


It is apparent that Pr {r;}, the probability of obtain- 
ing a particular value of r, will depend on r;, n, and 
through (11) on No, t, and k or D. 


DEMONSTRATION OF BIAS IN THE UNWEIGHTED 
AVERAGE METHOD 


As an arbitrary example to illustrate the bias one 
may take log, No = 10 (that is, No = e!® = 22,070) 
and k = 1 (that is, D = 2.3026). Variations in k in- 
volve only the units of the time scale, and variations 
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TABLE 1. Possible values of D of t = 13.20, No = e%, 
k = 1,n = 6 (P = 0.96), and the weighted average 
or expected value, Dexp 


r | Prir} | Dt | Prir}-D, 
1.2 0.0000 (0.0000 
3 0.0011 2.932 | 0.0032 
4 (0.0204 2.787 | 0.0569 
5 ().1957 2.597 | 0.5082 
om ~ | — 
sum ().2172 0.5683 


nl 

> (Pri{r}-D, 
a — 0.5683 
nai ~ 0.2172 
Zz Pri{r} ’ 
r=1 


Dexp = 


= 2.616 


* Calculated by (4). 


in No (except to small values) involve only the dis- 
placement of the critical range of sterilization on the 
time scale (figure 1). One might calculate P for various 
values of ¢ by (11) as a preliminary to calculating 
Pr\r} by (12). More conveniently, one may take arbi- 
trary values of P and calculate the corresponding 
values of ¢ and Prir}. Tables of the latter have been 
published (National Bureau of Standards, 1950; 
Harvard Computation Laboratory, 1955). The results 
of such a series of calculations for n = 6 are shown in 
figure 1. The asymmetrical character of all of the 
curves may be noted. 

Consider the period t = 13.20. The probabilities of 
obtaining 5 or 4 sterile tubes are appreciable; of ob- 
taining 3, 2, 1, or 0 are vanishingly small. The prob- 
ability of obtaining 6 sterile tubes is large, and if this 
happens a value for D is not calculated. The expected 
value for D, if one is calculated, is obtained as 
a weighted average as is illustrated in table 1. Values 
obtained in this way are plotted to give the expected 
value of D as a function of the time of heating (figure 
2). For short periods of heating D,x, is less than the 
theoretical D, Di; for long periods D.x, is greater 
than D., . Clearly this arises from rejecting observa- 
tions in which r = 0 or r = n. For short periods the 
rejected observations are mostly r = 0; for long periods, 
mostly r= n. 

Because of the asymmetry of the curves of figure |, 
the 50 per cent sterility time (P = 0.50; t = 10 - 
log. (—log. 0.5) = 10.367) does not give an expected 
D that is equal to Diy , 2.3026; instead D.x., = 2.298 
by the method of table 1, or 0.2 per cent lower than 
2.3026. By successive approximations, the time giving 
Dixy = 2.3026 was found to be 10.610 (P = 0.581) 
for n = 6. The further ¢ is from this time the greater 
is the departure of the expected D from the Dy, . For 
n = 6 the rate of change of D.,, with time approaches 
().2 per minute, or 8.7 per cent of the theoretical value, 
and is approximately 0.12 (or 5.2 per cent) per minute 
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Fig. 2. Expected value of D for n = 6 and 48 when cal- 
culated by the ‘unweighted average’? method (heavy lines). 
Weighted departure of the expected value of D from the 
theoretical D = 2.3026 (light lines). 


for a range that embraces 95 per cent of the D values 
likely to be calculated. (For larger n the rate of change 
would be smaller.) This is in remarkable agreement 
with the values quoted by Reynolds and Lichtenstein 
forn = 5 to 12, and thus it appears entirely adequate 
to account for the effect that they noted with dilution 
counts. The bias illustrated would not appear to account 
for changes in D value with time when the data are 
plate counts, unless dilutions are so arranged as to 
give appreciable probabilities of sterile plates. 

D.x» is also shown for n = 48 in figure 2. Nearly 
correct values for D are to be expected over a wider 
time range for n = 48 than for n = 6 but here also the 
values calculated for the shortest and longest times are 
strongly biased. 

The unweighted average method with equal time 
intervals is biased to give somewhat too high values for 
D. The expected value for the unweighted average D 
is obtained as a weighted average of the expected 
values for individual time periods; that is, by 


D (Dexp:Prir 4 0, nj} 
Rinne = — (13) 


oo 


Zz. (Pr{r 4 0,n}), 


t=0 


where Pr{r # 0, n} gives the probability that some but 
not all of the samples will be sterilized at a given time 
period (and thus that a value of D will be calculated 
for that period). The value of (13) will fluctuate with 
the size of the time intervals and the way they happen 
to fall on the range of partial sterilization, but as the 
size of the time intervals decreases (13) will approach 


/ Dexp-Prir #0, n}> dt 
t=0 





Pr{r 4 0,n}- dt 
t=0 (14) 


i (Dexp — Du)-Pr{r # 0,n}- dt 
=0 


| Pr{r 4 0,n}- dt 
t=0 





+ Din 


The right-hand side of identity (14) contains an ex- 
pression for the weighted departure from theory, and 
this may be evaluated graphically more accurately 
than the expression on the left-hand side of (14). 

The top integral, the weighted departure, is given in 
figure 2 for n = 6; the bottom integral is given in 
figure 1. Planimetric evaluation showed that the over- 
all bias is about 2.7 per cent too high. If the range of 
partial sterilization is curtailed, the bias is greater; 
thus, evaluation for ¢ = 10.61 gave a bias of 6.1 per 
cent and more extreme curtailment would give a greater 
bias. The weighted departure for n = 48 is also shown 
in figure 2; its form is more complex than for n = 6 
but here also the overall bias is on the high side. 

Although this bias and other defects of the un- 
weighted average method (such as the lack of an 
estimate of precision) may be negligible in many 
applications, it would seem preferable to use a theo- 
retically superior method of calculation if the labor 
were not increased unduly. Schmidt (1954) suggested 
the use of a procedure described by Reed (1936) that 
approximates graphically the time corresponding to 50 
per cent sterility (in a symmetrical tolerance distribu- 
tion). It is superior to the unweighted average method 
in that it gives less undue weight to observations at 
the extremes of the partial response range. The writer 
has found no detailed analysis of this method, but a 
closely-related method (Reed-Muench) has been dis- 
cussed by Finney (1952; par. 20.8, 20.11, 20.12). 
Finney (Chap. 19, 20) has discussed the problem of 
estimates from quantal responses very thoroughly. 
From the standpoints of mathematical rigor and 
efficient experimental design he prefers a maximum 
likelihood method. Such calculations may be relatively 
tedious, as will be illustrated below; of alternative 
methods the Spearman-Karber appears to be most 
applicable to data of the form usually collected. 


THE SPEARMAN-KARBER METHOD 


This method for the reduction of binomial data has 
been discussed critically by Finney (1952; paragraphs 
20.6, 20.11, 20.12). It may be used to estimate the mean 
sterility time, t, , of a sample and the variance of this 
estimate, V;,,, by the formulae given in table 2. The 
estimates of D and k (or of confidence limits for D and 
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TABLE 2. Formulae for the Spearman-Kdrber method; 
estimates of the mean sterility time, t», , and its 
variance ,* V+,, 
General case: 


Sf ty ti i+ i 
tr = 2 (fate) te - “) (15) 
im 2 Nin 4 
> toi- tay P,Q — P; 
V:,= 2 (is! «) ’ (Pa— Po) 
i=1 2 Ni 


( (16) 
wy (ta tnl (rl — ri) 
= 3 ( 2 ) (3e= *) 
Successive periods differ by equal time intervals, d: 
1 Ks 
th =t+o-dD— (17) 
2 jn 1% 
- fP A — Pe ~ ing — % 
vy, <a 5 (POP) wa 5s (er (18) 
im1 ni im1 \ni(n; — 1) 
All periods involve an equal number of tests, n. 
1 * ty t; 
tm = - (‘+ 4) (riz — 1) (19) 
nN j=1 “ 
1 * ti— tj 2 
Ven =- > (‘5 *) (P;(1 — P,)) 
nN j=] “4 
(20) 
lad 1 = . bia — tit, : " 
=m) > ( ; ) (ri(n — 14) 
Both d and n are constant: 
d d u 
werk toe 2 te (21) 
y4 nN j=1 
{2 u a u 
Vn, =— D (Pl — Pi) = 3 rin — 1) (22) 
i=1 n*(n -. 1) i=1 


Summations are carried out in theory over all time periods; 
in practice, terms beyond a certain time, ¢, , have no effect. 
In formulae that do not involve P; , ¢, may be any period 
beyond all those that give one or more viable samples. P; is 
the theoretical probability of a sample being sterile at ¢; , 


ri. : : 
and p;= — is an estimate of P; . Better estimates of P; , for 
nj 


use with the exact equations for V:z,, , may be calculated by 
(28) by means of a table of loglogs (Finney, 1952, Appendix 
Table XVI—see the next section) and k estimated by equation 
(25). 

The 95 per cent confidence limits for ¢,, are taken as 

tm + 1.96(V:,,)! (23) 

from the normal probability distribution as an approximation 
for the distribution of ¢,, . 

* The variance is the square of the standard deviation. The 
general formula is not given by Finney but it may be obtained 


from (15) by a conventional procedure described by Wilson 
(1952, p. 272). 


k) are obtained by substituting ¢,, (or the confidence 
limits for t») in 





2.3026 tm be 
Ee 24 
o loge No + 0.61 logio No + 0.265 (24) 
and 
= log. No + 0.61 (25) 


tm 


An example of the calculation is given in table 3. 
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TABLE 3. Estimation of survival rate constant k (or 
decimal reduction time D) by the Spearman- 
Kédrber method 
Spores of Clostridium sp. PA 3679 in pea puree, Ny = 
2.64 X 104, 120.1C., d = 0.5 minute throughout 
(data of O’Brien et al., 1956) 





t ri/n rifmi — ri)/ a ~~ Pp = ¢~*¥ 

i um n;(n; — 1) (by (29)) | (by (28)) 
5.5 0/5 0 1.93 .001 
6. 1/6 | 5/180 1.18 .039 
6.5 1/6 | 5/180 | 0.43! 215 
7.0 2/6 | 8/180 —0.32 | .483 
7.5 5/6 | 5/180 | —1.07 | .710 
8.0 5/6 | 5/180 | —1.82 850 
8.5 4/5 4/100 —2.57 926 
9.0 5/5 | O —3.32 964 
9.5 5/5 | OO —4.07 983 
10.0! 5/5 | Oo ~4.82 | 992 
10.5 6/6 | O —5.57 | .996 
11.0 5/5 | 0 —6.32 | 998 

8.5 8.5 © Pi 

> | s | “== 
t 75.5 t 5.5 | t;=0 n 
2 ol ee | — 0.1309 , 0.7933 
6 5] 180° 100| 5X4 6x4 
= 3.133 |= 0.1955 | = 0.0396 
By (17) 


d 
i, =i, 5 a —d>r;/n; 


8.5 + 0.25 — 0.5 X 3.138 


ll 


7.183 
And by (18) 
Vv 


ll 


d? > (ri(ni — ri)/ni(ni — 1)) 
0.25 & 0.1955 


= 0.0489 
Then 
1.96s = 1.96(V)? = 1.96 X .221 
= ().434 
and 
tn = 7.1838 + 0.434 
By (24) 


p = 2:308 (7.183 + 0.434) 
~ - 10.181 + 0.61 





= 1.53 with confidence limits 1.44 to 1.63 
By (2) or (25) 
k = 1.50 (95% CL 1.42 to 1.60). 


In the preceding calculations ¢, was taken as 8.5; a higher 
value would have given the identical results. 

Alternatively V may be calculated by (18) with P; estimated 
by (28); this gives V = 0.0396 and k = 1.42 to 1.59. 


Formulae (24) and (25) are taken from (4) and (2) 
with log. VN = log. (—log. Pm) = 0.61 corresponding to 
P,, = 0.58. This value for P,, was obtained by esti- | 
mating the bias of the Spearman-Karber method for 
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TABLE 4. Maximum likelihood estimation of k after 
loglog transformation of response (data as in 




















table 3) 
ti | re/ Y; | ni | % | wi 
| | 

5.5 (0/5) 1.9|-0.15, 2.05 | 0.047 (i.e., 2 X 0.056) 
6.0 |1/6| 1.2} 1.09, 0.11 | 0.418 
6.5 |1/6| 0.4|-0.17| 0.57 | 0.646 
7.0 |2/6}—0.3|/—0.41| 0.11 | 0.500 
7.5 5/6\—1 1) 0.49; —1.59 | 0.281 
8.0 |5/6\—1.8\—-0.10| —1.70 | 0.152 

| | 5 
8.5 4/5|—2.6|-1.86, —0.74 | 0.060 (i.e., g X 0.072) 

| 

| 5 

9.0 |5/5|-3.3| 1.02) —4.32 | 0.030 (i.e., & X 0.036) 


| 


| 5 
9.5 |5/5|—4.1) 1.01) —5.11 | 0.014 (i.e., § X 0.016) 





| 

10.0 |5/5\—4.8, 1.00, —5.80 | 0.007 (é-e., ; x 0.008) 

| | | 

10.5 |6/6\—5.6| 1.00, —6.60 | 0.004 

| | | : 

11.0 |5/5,-6.3, 1.00) —7.30 | 0.002 (i.e., = X 0.002) 
es soem, oe 2 | ee = 
D wit: | D wy, D> w; = 2.156 
= 14.806 


|= —0.467| 


By (29), Yi; = log. No — kt; = 10.18 — 1.50 t; . One decimal 
place in Y; ordinarily suffices. 
ry 
The working deviate y; is obtained from Y; and P; = — 
ni 
by interpolation in Finney’s Appendix Table XVII by means 
of formulae 21.60, 21.61, and 21.62, p. 577. The working loglog 
yi is obtained by 


= Y;- m (30) 


The weighting coefficient w; is obtained from Y,; by inter- 
polation in Finney’s Appendix Table XVII. When n; is not 
constant it is convenient to adjust w; to a common basis 


. : Ni . . 
by multiplying w; by — , as has been done in the table with 
n 


n= 6, and using n in the equation for variance (34). 
By (31), 


(log. No) Z wW; ed?” Wi Yi 
D wit; 
10.18 X 2.156 + 0.467 


= —— =15 


14.806 


This estimate may be assumed not to differ sufficiently from 
the Spearman-Kirber estimate to warrant another cycle of 
calculation. If it were thought to differ sufficiently another 
eycle of calculations starting with Y; = 10.18 — 1.514 ¢; could 
be made, and in any event it would serve as a check on the 
previous computation. 

Conformity of the data to the binomial distribution should 
be checked next. The number in each group, n; , is too small 
to make the chi square test, (32) or (33), appropriate. A test 
by means of confidence limits for Y is illustrated in the first 
paragraph of the last section of this paper. None of the con- 
fidence limits for k estimated in this manner for the individual 
time periods are inconsistent with the loglog estimate of k; 
thus, there is no evidence of nonconformance to the binomial 
distribution. The test can be made very rapidly inasmuch as 
it need be applied only to the most suspected periods; for 
example, ¢ = 6.0 and 8.5 in this table. 
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TABLE 4.—Continued 
Assuming No is known exactly, the theoretical variance 
for k, by (84), is 


‘ 2.1 
Vi > w a 56 


~ nS wit)? 6(14.806)? 





= 0.00164. 


The 95% confidence limits are given by 
k + 1.96 Vi = 1.52 + 0.08 = 1.44 to 1.60. 


The significance of this estimate is discussed in the text, and 
incorporation of the variance of log, No is illustrated in the 
first footnote to table 6. 


the limiting case of infinitesimally small equally spaced 
time periods and the data of figure 1. Equation (17) 
then becomes 


oo 


P dt. (26) 


t=0 


tn = l,, ee 


Planimetry of the integral, shown in figure 1, gave t, = 
10.61 and thus P,, = 0.58 by (11). 

It is preferable that successive time periods be fairly 
close together, that the number of samples at each 
period and the intervals between successive periods be 
constant, and that the range of partial sterilization be 
bracketed completely. The requirement for a con- 
siderable number of test periods throughout the partial 
sterilization range implies that many tests will be made 
at times that do not yield the most information. If the 
response range can be predicted well, the maximum 
likelihood (loglog) method described below may allow 
enough saving in experimentation to compensate for 
the more laborious computations. 


AFTER 
(THE 


LIKELIHOOD ESTIMATION oF k 
TRANSFORMATION OF RESPONSE 
Loetoc Meruop) 


MaxIMUuM 
LOGLOG 


Finney has discussed the general problem of com- 
puting biological assays by estimating the parameters 
of “tolerance distributions,’ whether real or assumed 
because of the usefulness of the mathematical form, 
through transformations to provide a linear dependence 
of a function of the response on a function of the dose. 
Thus 


Y=a-+t pr (27) 


where Y is the transformed response (the ‘‘response 
metameter”), x is the transformed dose, 8 is the 
parameter of the tolerance distribution that is de- 
termined by the units of the dose scale, and a@ is the 
parameter that is determined by the position of the 
partial response range on the dose scale. 

The tolerance distribution of samples of micro- 
organisms that follow exponential survival when 
exposed to heat is given by (11) which may be written . 
as 


log. (—log. P) = log, No — kt = (28 
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which is identical in mathematical form to (27). The 
first term, which will be denoted as Y, is a response 
metameter named the loglog. It was proposed by 
Mather (1949) who gave the solution of (27) for both 
a and @. Finney (paragraph 21.5) has illustrated the 
solution of (27) for a dilution count; in this case 8 is 
given by log, of the known dilution ratio, and a = 
log, No is estimated. In its simplest form, the estimation 
of decimal reduction times involves the complementary 
problem of estimating 6 (that is, —/) where a = log, No 
is known. A transformation of dose is not necessary ; 
that is, x = ¢. The computations are somewhat more 
involved than those involved in the dilution count, and 
are illustrated in table 4 with the same example that 
was used to illustrate the Spearman-Karber method 
(table 3). 

The method consists of successive cycles of computa- 
tion that yield estimates of / that approach the theo- 
retical maximum likelihood estimate asymptotically. A 
good guess for the initial estimate may eliminate one or 
more cycles of the calculation. Thus it may be desirable 
to make an initial estimate by the Spearman-Kirber 
method. This estimate of k, 1.50, is used for the first 
cycle of computation shown in table 4. In the first 
column is recorded the time of heating; in the second 
column the observed proportion of sterile samples, 
p; = r;/n; ; in the third column the initial estimates of 
Y which are calculated by 


Y = log. No kt (29) 


Other methods of obtaining the initial estimates of Y 
are discussed by Finney. In columns 4, 5, and 6 are 
given the “working deviate” 7, the ‘“‘working loglog”’ 
y; , and the “weighting coefficient” w; . 

These columns provide the material for the first cycle 
of computation. In the formulae now to be given n will 
be assumed variable inasmuch as the simplified formulae 
for n constant will be obvious. The following sum- 
mations (over all test periods) are required: nw; : 
DY nwt; , Dn wy; - The sign of y; must be retained. 
The revised estimate of k is given by 


loge Noe Doniw; — Doni wi yi 
k= - 
> n; Ww; t; 


This value of k is used to compute new values of Y: 
by (29). A revised estimate of / is obtained by a new 
cycle of computation, and the process is repeated until 
the change in successive estimates of k 
negligible. 

When a good estimate of k has been obtained the 
homogeneity of the data may be tested by 


(31) 


becomes 


> ni(r; — E(r;))? ( 


in ca ate oT PRY - 
Xr E(r;)(n; — E(r,)) . 


where the summation is carried over the v_ periods 


. LEWIS 


[voL, 4 


tested and E(r;) is the expected value of r; , n;P;. Ay 
approximate expression for (32) is 


x: 1= din; w; y = (d miwi yi)? 
7. Ni W; 


+k b ni W;Yil; — (20 ni sels mit 
; NW; 


The probability of x/_, is determined from a chi square 
table for » — 1 degrees of freedom; if the value was 
improbable the individual terms of (32) should be 
inspected to see if the contributions from periods with 
K(r;) less than 5 are unduly large. If so, small classes 
may be combined (with a reduction in degrees of free. 
dom) or exact binomial confidence limits may be caleu- 
lated as described in the final section. With n as small 
as in table 4 the latter procedure is preferable and js 
illustrated in table 7. 

The test with confidence limits for individual periods 
would not be expected to disclose small systematic 
deviations from the exponential survival rule unless n 
were large. A qualitative judgment might be made by 
plotting a large number of confidence limits, and in- 
specting for systematic trends. If the discrepancies 
were non-systematic but abnormally frequent (see the 
last section of this paper), a reinvestigation of the ex- 
perimental procedure would appear to be in order. 

Confidence limits of k for valid data may be obtained 
from the expected variance of k, V;, , for the distribution 
assumed and the tests made by 


Vi = Donw,/(onwit,)?. (34) 


Inasmuch as this is not an empirical estimate of 
variance, its use should be restricted to data that meet 
the validity test. Confidence limits are calculated by 
the normal distribution, or more conservatively by the 
{ distribution with degrees of freedom equal to the total 
number of samples in the partial response range 
diminished by the corresponding number of periods 
tested. 

It has been assumed that No is known exactly, 
inasmuch as it ordinarily is determined independently 
and thus theoretically to any desired accuracy. A more 
common case is that No is indeed constant (pipetting or 
related errors are negligible) but is not known with high 
precision. This is true of the data of tables 3, 4, and 6. 
The confidence intervals shown are suitable for com- 
paring treatments (presence or absence of subtilin; 
relative initial number of spores), but they fail to 
include the contribution of variance of the estimate of 
log. No, Viog.w, - This is accomplished by the equation 


an, \7 1 
vo = (SY Teast gt] 
k i n; w;t; logeNo + 7 Nn; W; 


* ( 2 mi Wi ) Vio ug bee iwi 
nuit; — (So nyw;t;)” 


(33) 


(35) 
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If both k and log, No must be estimated from the 
binomial data (see Mather, 1949) the precision of the 
estimates will be greatly reduced. 

The loglog method of estimation of k with a single 
time period gives a result identical with that given by 
the unweighted average method. Thus k is obtained 
directly from (31) by setting 


(36) 


(Finney’s Appendix ‘Table XVI and National Bureau 
of Standards 1953, table 2, give this function.) Then 


y = Y = loglog p = log, log, (n/r). 


_ loge No — y _ logeNo — log. log.(n/r) 


i i 


(37) 
which may be obtained by combining equations (4) 
and (2) of the unweighted average method. The 
variance for the loglog estimate, which would be equally 
appropriate for the single period of the unweighted 
average method, is 


1 
nut” 


Vi = (38) 
It may be seen (by Finney’s Appendix Table XVII or 
in the figure given by Mather) that (38) will be minimal 
for p equal to 0.20 approximately; that is, the estimate 
will be most precise for this proportion of sterile 
samples. It is the essential distinction between the two 
methods that varying reliability of the data is taken 
into account in the loglog calculation but not in the un- 
weighted average calculation. 

Thus it becomes clear why use of the loglog method 
can lead to far more efficient experimentation if the out- 
come can be predicted fairly well. Suppose that all of 
the tubes for the data of table 3 (and 4) had been 
utilized at the period ¢ = 6.5. The variance of the 
estimate of k would have been approximately 


nw, 6X216 _ 030 

> 2 nw 66 x 0.65 7 
as great; that is, the confidence interval would have 
been less than six-tenths as wide. Put another way, the 
omission of periods ¢ = 8.5 and longer would not have 
reduced the accuracy of the result appreciably. The 
advantage of reducing the number of dose levels in 
speeding the computations will also be noted. 

Data that show a sharp cutoff have not been reducible 
satisfactorily by the unweighted average method but 
they present no problem to the loglog method. Consider 
the arbitrary example shown in table 5. The data for 
cases I and II have been chosen as reasonably coming 
from the same population with the respective guesses 
of appropriate time periods. Not only are the results 
equally, readily, calculable but their reliabilities are 
virtually identical. 

Similarly, data from curtailed response ranges offer 
no difficulties for the loglog method. Such data give 


biases in the unweighted average method, and their 
effect on the Spearman-Karber method is not known. 

A more complicated situation arises where negative 
exponential survival is not observed; that is, where 
equation (1) does not hold. A common type of de- 
parture, illustrated by a sagging curve rather than a 
linear relationship of loge Hy. vs. time, is given by a 
population mixed with respect to resistance (/ (or D) 
variable). This phenomenon has been discussed by 
Rahn (1945, p. 19). It is demonstrated in a figure given 
by O’Brien et al. (1956) for heat killing of Clostridium 
sp. PA 3679 with various initial numbers of spores. 
Part of the original data have been treated by the vari- 
ous methods discussed in this paper with the results 
shown in table 6. 

Where exponential survival holds (the ‘‘controls” of 
table 6) the agreement of the three methods is very 
close. Where exponential survival does not hold 
(“subtilin present” of table 6) the agreement is very 
poor for the lowest initial spore number. The confidence 
limits calculated in the various ways shown also agree 
well except with subtilin and the lowest initial spore 
number. Exact confidence limits for k calculated from 
the binomial probabilities (as outlined in the next 
section) for individual time periods agreed within the 5 
per cent level with the confidence limits shown in table 
6 in all cases. 

The overlapping of the confidence ranges of k for 
various No in the controls and the failure to overlap in 
the presence of subtilin demonstrates a departure from 
exponential survival in the latter case but fails to 
demonstrate a departure in the former case. 

It does not appear to be possible to make a sensitive 
test for conformance to exponential survival by any 
mathematical device when only one inoculum level 


TaBLe 5. Loglog transformation for data with a sharp 
cutoff (arbitrary example; log. No = 5;n = 6) 


Case II 





Case I | 
5 | 0 | 
6 | 0 
7 0 
8 | 0 
9 | 3 
10 | 6 
11 | 6 
12 | 6 
13 | 6 
14 | 6 
15 | 6 


Case I: k = 0.599 + 0.080 
Case II: k — 0.594 + 0.079 
Combined data: k = 0. 0.597 + 0.057 
(95% confidence intervals) 
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TABLE 6. Comparison of methods for calculating survival rate constants (extension of the data of tables 3 and 4) 





Estimations of k with 95% Confidence Intervals 


Initial Nowe of Spores Original Datat ae 


—- Spearman-Kiarber Loglog 
Controls | 
2.64 X 10! 0.5 (by 0.5) to 6 1.24 | 1.33 | 1.28 
0, 0, 0, 0, 2, 5, 4, 6, 6, 5, 6, 6 (1.18-1.53)§ | (1.09-1.47) 
| (1.17-1.55)9 | 
| | 
2.64 X 108 3.5 (by 0.5) to 9 | 1.46 | 1.43 | 1.43 
| | 
0, 0, 1, 0, 0, 3, 6, 5, 6, 6, 5, 5 | (1.85-1.5D§ | (1.34-1.52) 
6 5 6 5 | 
| | (1.34-1.53) 4 | 
2.64 X 104 | 5.5 (by 0.5) to 11 1.49 1.50 1.52 
0, 1, 1, 2, 5, 5, 4, 5, 5, 5, 6, 5 (1.42-1.60)§ |  (1.44-1.60) 
5 6 5 6 5 
(1.42-1.59)9 | 
Subtilin present | | 
2.64 X 10! 0.4 (by 0.2) to 2.6 5.31 5.82 6.04 
1, 4, 3, 6, 5, 6, 6, 6, 6, 6, 6, 6 | 4.75-7.54)§ | (4.84-7.24) 
6 | 
| | (4.92-7.14) | 
2.644 X 10) | 1.8 (by 0.2) to 4 | 3.12 | 3.09 | 3.18 
| | 
| 
0, 1, 1, 0, 3, 3, 4, 4, 5, 5, 6, 5 (2.88-3.33)§ | (2. 98-3.38) 
| 5 6 5 6 5 6 5 | 
| |  (2.92-3.29)q | 
| 
2.64 X 10 2.8 (by 0.2) to 5 2.97 2.99 | 3.05 
| 
1, 0, 2, 1,3, 3, 5, 6, 5, 6, 6, 6 (2.83-3.16)§ |  (2.90-3.20) 
5 6 4 6 | 


(2.86-3.13) 4 





* For comparison of estimation methods and experimental treatments in this table, No has been assumed known exactly from 
independent determinations. If absolute values for the confidence intervals were desired it would be necessary to introduce the 
variance of log. No by (35). With low No the Poisson variance of No (which is equal to No) for equal volumes of the sample be- 
comes important for relative values of confidence intervals such as have been calculated here. Inserting the Poisson component 


, _( zum P/1 1 
sf (pa -) (5 - Dn: =) * 


1 
of variance of log. No, N,” in (35) gives 
No 





For N = 26.4 in the control group 


15.2 \2 
Vi; = (22) (0.038 + 0.066) 


which gives a confidence interval of +0.24 instead of the +0.19 shown in the table. The effect is much less marked in the other 
cases. 


The accuracy of the approximation involved in equation (9) may be considered here. Retention of the second term of the ap- 
proximation; that is, 


en 2kt 
log. P = —No (— + ~) 


and calculation of the Spearman-Kiirber estimates of k with No = 26.4 gave values that differed from those shown in the table 
by less than 0.5%. 
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TABLE 6.—Continued 
+ Note that the third code given below expresses the data given in table 3. 


+ py k= 73? 
+ DY ee 


unw 


6 . 
- where Dunw is computed by (4) and (5). More simply, by 


j 





k= 


i 


t; 





D2; ni 
i=1 \ log. No — log. log. — 
Te 


§ Calculated as described in table 3, using r; and n; in (18). 


(40) 


- 


€ Calculated as described in table 3, using (18) with P; estimated by (28). 


(Vo) is available. By far the best procedure is the use of 
widely-separated values of log, No . 


CONFIDENCE LIMITS FOR BINOMIALLY 
DIsTRIBUTED Data 


It is sometimes necessary to check in detail the basic 
assumption of a binomial distribution as well as the 
conformance to an assumed relationship of P to ¢. For 
tests of exponential survival it is convenient to have the 
confidence limits of Y = log, (—log, P) rather than 
the confidence limits of P. These are given for n < 16, 
a = 0.05 and 0.01, in table 7. An example of their use 
follows: From the data of table 6, take the case of 
Ny = 2.64 X 10%, subtilin present, ¢ = 2 minutes, 
r/n = § (that is, one of six samples was sterile). Is this 
result consistent with the estimations of k shown in 
table 6? The confidence limits for Y, a = 0.05, are 
1.56; —0.61. Rewriting equation (29) 


_ loge No — Y; 


k; 
. t 


(46) 


where j indicates one of the confidence limits. Then 








7 cea 4 
fy ee ee ot ON 
kam * 88 = 0.61 _ 404 


Similarly for a = 0.01 
ky = 3.02, ke = 4.46 


By comparison with the confidence intervals of table 6 
it is seen that an estimation from this portion of the 
data, representing a relatively short time of heating, 
does not depart from the estimations from all the data 
with significance even at 5 per cent. 

Confidence intervals have been calculated for the 
data of Pflug and Esselen (1954), for which n = 48, 
because the bias in the unweighted average method of 
calculation that they used is inadequate to account for 
the deviations that they found from predictions based 
on exponentially decreasing survival. The nature of the 
discrepancies become more clear if the probability that 
an individual spore survives is plotted on a logarithmic 
scale against time of heating on a linear scale. This 





probability, II, is given by the ratio of the final to the 
original number of spores; by (1) and (9) 


log. II = log. (N/No) 


= —kt = log. (—log. P) — log. No (47) 


= Y — log. No. 


By substituting the confidence limits for Y in (47) the 
99 per cent confidence intervals for log, Il shown as 
vertical bars in figure 3 were obtained. Those that 
correspond to r; = 0 or n; are unbounded on top or 
bottom. The diagonal lines through log, II = 0 give 
predicted values of log, II for loglog estimates of k. 

As Pflug and Esselen point out, the data deviate 
markedly from expectation for exponential survival. It 
is more pertinent, however, that the data also deviate 
markedly from expectation for a binomial distribution. 
Three discrepancies will be detailed. One may first 
consider the confidence intervals marked A correspond- 
ing to the times 0.0562 and 0.0599 and Ny = 120. No 
reasonable course for log, II could pass near both of 
these intervals. On the reasonable assumption that 
loge II = —90.65t in this local region the probability 
of obtaining a value of r as low as that observed (0) at 
t = 0.0562 and a value as high as that observed (45) at 
t — 0.0569 would be infinitesimal, much less than 10-“. 
As a matter of fact, no reasonable course for log, II 
can be drawn through either one of these confidence 
limits and the others for No = 120. 

Even more marked discrepancies are apparent 
between sets of data for the various initial numbers. 
Attention is directed to the regions B and C that are 
bounded roughly by dotted lines. Region B has at least 
10 confidence intervals that are inconsistent with any 
reasonable single-valued function for log, II; region C 
has at least 7. If it be assumed that the initial concen- 
tration of spores was not known, marked changes in the 
dilution ratios (that is, to less than 7s instead of 5 
between No = 120 and No = 10*) would have to be 
assumed to reconcile region B. 

It perhaps is idle to speculate further as to the 
nature of the extraneous factors that have given these 
anomalous data; they point up the need for statistical 
control even with an experimental setup as apparently 
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Values of P1,z were obtained from tables of 
are accurate in the second decimal place. 
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simple as this one. Certainly the data cannot be con- 
sidered to demonstrate a trend in D values calculated 
by the unweighted average method that is greater than 
the inherent bias in this method. 

It must be emphasized that the anomalies in the 
Plug and Esselen data are striking because fairly large 
numbers of tests were run. These authors correctly 
point out that large numbers are required for narrow 
confidence limits; they appear to assume that large 
numbers guarantee high confidence. There is no reason 
toassume that other experiments of this type done with 
fewer numbers are not subject to similar disturbances, 
in the absence of a demonstration of statistical control. 
The many pertinent biological factors are beyond the 
scope of this discussion. 
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SUMMARY 


In connection with the estimation of decimal re- 
duction times (D values) for populations that decrease 
exponentially with time (“logarithmic order of death’’), 
the calculation of D for individual times of heating from 
binomial data (dilution endpoint counts) gives an 
apparent dependence of D on time of heating. It is 
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Fig. 3. Exact binomial confidence limits (99 per cent) 
for the data for Pflug and Esselen (1954). The diagonal lines 
represent the loglog estimates of k. 


demonstrated that the apparent dependence arises 
from the bias obtained by rejecting observations where 
all samples show growth (short periods of heating) and 
where no samples show growth (long periods of heating). 
Preferred methods of calculation (Spearman-Karber 
and loglog methods) are illustrated. 
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Considerable work has been done on the microbial 
metabolism of cholesterol, fats, and fatty acids. Much 
attention has also been paid to lecithinase action by 
clostridia and cell-free bacterial toxins (Wittcoff, 1951; 
MacLennan, 1953; MacFarlane and Knight, 1941), 
pseudomonads (Lembke, 1942), serratiae (Hayaishi 
and Kornberg, 1954; Monsour and Colmer, 1952), 
bacilli (Picci, 1952; Stone, 1952; Colmer, 1948), and 
fungi (Picci, 1952; Francioli, 1935; Fairbairn, 1948; 
Contardi and Ercoli, 1933). Less information is avail- 
able on the microbial degradation of phospholipids 
other than lecithin. Which soil microorganisms, for 
example, attack various organophosphates is not known 
although the mineralization of these substances (Black 
and Goring, 1953; Pierre, 1948; Pearson et al., 1941; 
Rogers, 1942) from higher plants, algae (Fuller and 
Rogers, 1952), and bacteria (Black and Goring, 1953; 
Pierre, 1948; Goring and Bartholomew, 1950) has been 
studied in the soil. The presence of phosphatides and 
lysophosphatides in many eubacteria, mycobacteria, 
yeasts, molds, and higher fleshy fungi (Wittcoff, 1951) 
is presumptive evidence that enzymes which transform 
these substances occur among microorganisms. This 
paper reports the results of a survey on the distribu- 
tion, isolation, and enzyme specificities of soil micro- 
flora which grow on phospholipids, other myelin 
constituents, and related substances. It also discusses 
the usefulness of such cultures and their enzymes. 


MATERIALS AND METHODS 


“Pure ex ovo lecithin’ was purchased from Pfanstiehl 
Chemical Company, and animal cephalin from Nutri- 
tional Biochemicals Corporation. Dr. H. E. Carter 
(Department of Chemistry and Chemical Engineering, 
University of Illinois) kindly contributed the phrenosin 
(Carter and Greenwood, 1952), purified cerebroside, 
inositol lipid fraction from corn phosphatide (Carter 
et al., 1954), sphingomyelin, and crude brain sphingo- 
lipid (Carter et al., 1947). Proteolipid was prepared 
from bovine spinal cord according to the procedure of 
Folch et al. (1951). The B. S. C. lipids, derived from 
beef spinal cord, were supplied by Armour and Com- 


1 This investigation was supported in part by Grant No. 
65-2 from the National Multiple Sclerosis Society, New York 
City, New York. 
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pany. lor spinal cord homogenate, bovine cord (made 
available by Mr. Arthur A. Baum, Baum Meat Packing, 
Lansdale, Pennsylvania) was lacerated in a Waring 
blendor, 1.0 ml of distilled water being added for every 
4.0 g of wet tissue. The sodium glycerophosphate was a 
mixture of alpha and beta forms. Choline and acetyl- 
choline were in the form of chloride salts. 

The basal mineral medium consisted of trace ele- 
ments with ethylenediaminetetraacetate as a metal- 
binder, and was adjusted to pH 7.0 (Schatz et al., 1954). 
Chelation by lipoproteins and phosphatides in myelin 
and elsewhere in nature (Turner, 1954; Evans et al., 
1954; Smith, 1953; Najjar, 1951) suggested that these 
substances might interfere with microbial growth un- 
less their metal-binding properties were compensated. 
The desirability of a well-balanced basal medium was 
also recommended by the trace element activation of 
lecithinases from species of Serratia (Hayaishi and 
IXornberg, 1954) and Clostridium (MacLennan, 1953; 
MacFarlane and Knight, 1941; Najjar, 1951; Edwards 
and Ball, 1954; Hanahan and Vercamer, 1954; Mac- 
Farlane, 1955). The adaptive nature of lecithin utiliza- 
tion (Hayaishi and Kornberg, 1954) and the inhibition 
of adaptation by chelating agents (Bernheim, 1954) 
likewise emphasized the need for adequate inorganic 
micronutrients. 

In the isolation and cross-utilization tests, 0.05 per 
cent (NH4)2SO,4 was added to all media except those 
containing ethylamine, ethanolamine, choline, and 
acetylcholine. Consequently, these four substrates pro- 
vided nitrogen as well as carbon and energy for micro- 
floral assimilation. Although some of the other materials 
contained nitrogen, the organisms were not dependent 
upon them for this element. For isolation, the stearic 
and palmitic acids, cholesterol, olive oil, bayberry wax, 
and paraffin were used in the liquid base, while other 
constituents were supplied as 1.5 per cent agar media. 
To accomplish this, the water-insoluble substances 
were emulsified in small volumes of basal solution by 
grinding in a Teflon tissue homogenizer. The resulting 
concentrates were then neutralized, and diluted with 
more basal solution. Cross-utilization tests were carried 
out in liquid media since many organisms grew ap- 
preciably on washed agar prepared with the basal 
medium alone and containing no added carbon and 
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energy. All substrates were supplied at 0.2 per cent on RESULTS 
a dry weight basis, for which 1.2 per cent of the wet 
cord homogenate was required. Hemolysis was ob- 
served on plates of Difco blood agar base supplemented 
with 5 per cent defibrinated bovine blood. Stock 
cultures were maintained on slants of nutrient agar 
fortified with 1 per cent glucose. 

Water-soluble compounds were neutralized, filtered 
through sintered glass, and then aseptically added to 
aliquots of autoclaved basal medium. Otherwise, 
standard laboratory autoclaving sufficed. Cultures for 
substrate utilization were observed after 14 days. 
Hemolytic ability was recorded after three days. In- homogenate and bayberry wax, incubated under warm 
cubation occurred at 25 to 30 C. moist conditions, and occasionally stirred for three 

For convenience, the data presented in tables 1, 2, weeks before cultures were isolated from it. Liquid en- 
and 3 have been reported in fraction form as follows: richment cultures containing cholesterol, palmitate, 


— stearate, and paraffin were streaked on nutrient agar 


Nature of cultures studied. Most organisms er 
isolated directly from agar plates streaked with suspen- 
sions of a leaf compost; untreated forest, field, barn. 
yard, lawn, and greenhouse soils; and horse, sheep, pig 
chicken, and cow manures. A surface soil collected 
under bayberry plants was also included since it js 
naturally occurring enrichment for microflora that 
digest complex esters of laurate, myristate, and palmitate 
which occur in bayberry wax. To increase the number 
and activity of lipolytic organisms, the bayberry soil 
was supplemented with a mixture of spinal cord 








Numerator Denominator & . E _ 
Test sania Pa iit _ plates, from which colonies representing the majority 
_ SSRN (II i cxcanihactincnscseedissned types were selected. 
Cross-utilization | Grew well Exhibited slight The 132 total cultures tested included 109 actino- 
growth mycetes which constituted the majority group appear- 
he eee [meets aceneoniageaememanens ing with most substrates. On streak plates that were 
Hemolysis Exerted marked Caused little 


; ; turbid due to finely suspended lipid, many actino- 
hemolytic action hemolysis . : 
eo ee Ba. natin a ie mycetes revealed marked digestive action by the 








TaBLeE 1. Myelin constituents and related materials as growth substrates for actinomycetes* isolated on phospholipids and a glycolipid 


Isolation Medium: Basal Solution Plus 1.5°% Agar and 
































Basal Solution Plus Lecithin Cephalin te om ae Smee” *Proteolipid Pinks’ | sie es | ome 
Number of organisms isolated with the above 
9 | 9 | a Ew 3 | 7 | n | 18* | 
Cross-utilization 
SOE 9 9 6 6 af. | 7 11 1/3 | 5 
es eck ey Ws sin dn 55 | 7 9 1/5 5/1 a aj 11 W/l | 4/I 
Inositol lipid................. set etel sae 9 6 6 5 | 11 12/4 | 5 
NUNN 66.65 possi wad ons 7/2 9 6 6 5 | 7 11 1/3 i & 
CS ee Z 8/1 8/1 5/1 6 5 | 7 10/1 12/3 5 
ss rind cil wie aoa wie 4/4 6/2 4/2 6 5 | 2 11 11/3 5 
OS ere 1 8 5/1 6 5 |. # 11 10/3 5 
Cord homogenate............ ete 9 9 6 6 3 |. a 6/ 15/1 5 
Phrenosin............... Pea. Sects . 0/1 0 0/1 0/1 0/2 | 0 0 0 0 
Purified cerebroside............... a 7 9 5 6 5 | of 10/1 iz/i. | & 
Cholesterol...................... nA it 0 0 0 0 0 0 0 | oO 
TT 6/1 5/3 2/1 3/1 5 6/1 sl | 6/3 | 4 
Sa a eae 3/4 7/2 3/3 3/3 4/1 | 6/1 8/3 8/8 3/2 
eee ; 3/4 6/3 | 4/2 3/3 3/2 | 6/1 8/3 | 7/9 4/1 
ES Se ee | 9 5/1 6 5 i 7 9/2 | 12/2 | & 
Bayberry wax........... Tears mL! 3/3 5 6 | §& | 6 10/1 | 10/1 | 4 
Glycerophosphate.......... ee eC ees 3/2 | 2/3 2 2/1 3/2 | 5/1 8/1 | 9/1 1/2 
a ivsisnens oinn uct a. T - 2/1 1 | on | o | 1 | o | on 
Acetylcholine........... iieeciccet Ta. toe 6 5 2/2 | 2/5 9 | 9/3 5 
ReWIRININE. . <6 os seo. Weed Mae ta 0/3 eae ie | 0/2 0/2 | 0/2 0 
Ethanolamine............... ee 3/2 | 3/l 1/2 oi. | 22 | 5 5/1 | 6 | 1/1 
Hemolysis 
EA nee ..| 8/1 2/1 2 0/3 | O/5 2/3 3/5 8/4 | 1/2 





* Of the 18 organisms isolated with spinal cord homogenate, 5 were bacteria. 
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TaBLE 2. Substrate utilization by bacteria* isolated with 


TABLE 3. Assimilation of myelin components and similar 
nitrogen-free lipids and paraffin 


materials by actinomycetes isolated on water-soluble 





































































































Were | — : substrates 
spen- Isolation Medium: Basal Solution Plus 
barn | Chole a | Isolation Medium: Basal Solution 
, . | terol ~ | Stearate oil. | Paraffin Plus 1.5% Agar and 
» Dig, Basal Solution Plus | , pte Gly- | rc a 
ected | eee: fei aitint —e | Ow | yt Ethyl- a. 
iss Basal Solution Plus ibe | line poe amin€ | mine 
th ei *itewtl s: ; — 
at _—— Number of actinomycetes isolated 
itate Cross-utilization | patent naci 
mber | ——— - : : 3 acts.) 4) see 
- soil ERE eiatsicie wae visas >. 8a 41 ames 1 | 1 6 | 0/2 ata 
BN iG einen sees ayes 0 | oO 5 | 0 Cross-utilization 
cond § iaositol lipid.............+..- 1 | o3 | 6/2 | 1/1 “0 i 
yarm Sphingomyelin................ 0 | 0/3 4/3 | 1/1 WOOMI Eo sess to ciplaiisiccere o.oie8rs 9 | 2/1) 3 10 9/1 
three | Sphingolipid.................. o2 | 03 ]}7 | 1/1 WG oe sca soeneiess 9 |0/2}3 | 10 9/1 
TE eS errr 0 | 3/l 5/2 | 1/1 Inositol Mba ciereidig sc tcita sis 9 | 3 3 10 11 
aa D MOC. Uiplds................ 0 2/1 6/1 | 1/1 Sphingomyelin EON nee 9 2/1 | 3 10 9/2 
’ | Cord homogenate............. | 2 2/1 | 6 2/1 Sphingolipid.................. 9 1/3 {3 |10 |11 
FD Wicsnesin............ 0000050: 0 0 0 | 0 I elccctspanennccxe 6/3|3 |2/1| 9/1| 7/3 
rity | purified cerebroside........... 0/1 1 2/5 | O/1 Boe EDIE! 5.25.6 5) 0ro:0 6 sce 2 7/2 | 1/1 | 2/1} 9/1 | 7/4 
Cholesterol............ ae 0 oo |} @ Cord homogenate............. 9 3 3 10 11 
ie fedlia..........-........ 0 3 as | 3 By OM OEERY So) 20-5500 01815010) s\</2G ws 0 0 0 0 | 0 
I i See we | © 1/1 4/3 | 1/1 Purified cerebroside........... 9 3 3 9/1} 9/1 
ae : ‘ | os Cholesterol 0 0 0 0 1 
were Palmitate BER LTR ois tos ita 0/2 1/5 4/3 | 0/3 Be ere mcr nso: tisiaten'cie's osciors : 
: ESR 0/1 2 6 | 3 |S ee eer ane .. sf SAL | SAE S 9/1 | 6/2 
MO- | Bayberry wax................| 0 0/3 | 8/1 | 1/1 PCR AUB h i. ces. swe odae Aes 5/3; 1/113 | 9/2 | 8/2 
the | Glycerophosphate............. 0 1s 19 SN is hn be a saute 5/3|1/1|3 | 8/2| 4/6 
5 | 0 0 | 1/1 | 0 CORON ere ok Sard arnceibicncern es 9 | 1/1) 3 | 10 10/1 
lipid | Acetylcholine................. | 1/1 | O/1 | 3/2 | 0/2 Bayberry wax.............---. 4/5 | 1/2 | 3 4/4 | 10/1 
- | Bthylamine......... eae 0 0 1 0 Glycerophosphate............. 7 | 0/1) 2 1/1 | 6/1 
Ethenolamine........ ........ 0 1 | 7 1 OLE OOS SS oe See aera 0 {2 | 1 9/1 | 2/1 
- ee | Acetylcholine...............+- 4/3|2 | 2/1| 0/2| 9/1 
~~ Hemolysis IE: 2 fence cvcnsees 0/1;0 | 0 0/2 | 1/2 
= ——___—_——___—- ie Ethanolamine................. | 7 | 2 | 2/1; 4/1 | 5 
TIOOG ARE? oo sieves it. 3/1 | 2/4 | ¥/2 
| a _- Hemolysis 
— *Of the 9 cultures isolated with olive oil, 1 was a mold l j 
and 2 were actinomycetes. DIOOG BROT hos ceo eteesiee donee | 2/3 | O/1 | 1/2 | 3/2 | 2/4 
appearance of clear zones surrounding the colonies. Al- 





though an effort was made to pick macroscopically dif- 
ferent organisms, some cultures may be identical or at 
least closely related strains. With stearate, palmitate, 
olive oil, and paraffin, the most abundant organisms 
were bacteria, of which 22 were selected. One mold ob- 
tained with olive oil was also included. Cultures of 
seven bacteria that had been isolated with palmitate 
died out and could therefore not be included in the 
cross-utilization tests. 

Cross-utilization tests. The ability of the 132 soil 
organisms to grow on the various compounds tested is 
shown in tables 1 to 4. Although ethylamine does not 
occur in phospholipids, it was included because of its 
structural relationship to ethanolamine, a constituent 
of cephalin. In view of the hydrocarbon nature of 
certain myelin constituents (Schmitt e¢ al., 1941), 
paraffin was compared with the long-chain fatty acids. 
For convenience, the 132 cultures have been more or 
less arbitrarily arranged in three groups representing 
isolates from (a) pure and impure phospholipids includ- 
ing a cerebroside (table 1), (b) nitrogen-free lipids and 


paraffin (table 2), and (c) water-soluble compounds 
(table 3). 

In general, the microflora reported in tables 1 and 3 
assimilated a wider range of substrates than those listed 
in‘ table 2, where the cultures obtained from olive oil 
appeared most active within limitations of the small 
numbers tested. Since the organisms indicated in table 
2 include the one mold and 19 of the 22 bacteria, the 
actinomycetes seem more versatile in their ability to 
metabolize the compounds employed. This corre- 
sponds with the greater abundance of these organisms 
on the original streak plates. Although bacteria were 
most numerous in the liquid enrichments containing 
stearate, palmitate, olive oil, and paraffin as the carbon 
and energy sources, many of the actinomycetes that 
had been isolated with other substrates readily utilized 
these compounds. 

More cultures (13 actinomycetes and 5 bacteria) were 
picked from plates with the spinal cord homogenate 
(table 1) than any other substrate, because such or- 
ganisms were desired for in vitro studies on the. micro- 
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TABLE 4. Summarized results of substrate cross-utilization tests* 


Organisms That 


Grew well Grew poorly (Failed to grow 


Basal Solution Plus (a (b) (c) 

Number Per Number Per Number Per 

cent cent cent 

Pe 109 83 8 6 15 6 1 
Cephalin...... Sin 93 | 71 14 | 11! 25 | 19 
Inositol lipid....... 413 |.86 | il 8 8 6 
Sphingomyelin. .. 105-80 15 | 11 12 9 
Sphingolipid . 110 | 8 | 13 | 10 9 7 
Proteolipid. . 95 | 72) 23 117; 14 11 
B.S. C. lipids 97 | 74 1s 14 17 12 
Cord homogenate... ... 114 86 7 5] il 9 
Phrenosin....... ee 0 0 5 4/127 | 96 
Purified cerebroside... . 102. | 77 11 8 19 15 
Cholesterol Re ~ 1 l 0 0 | 131 99 
Paraffin. .... , 77 + BS 19 14 36 | 28 
Stearate. . ery 77 57 39 30 16 13 
Palmitate. .. ed 70 53, 50 | 38 12 | 9 
Olive oil............ 110) 83 9 7 13 10 
Bayberry wax 86 | 65 | 23 iyi 23 17 
Glycerophosphate....... 52 | 39 16 12) 64 | 49 
Choline... : 21 16 6 5 | 105 | 79 
Acetylcholine iv 5424 18 | 37 | 28 
Ethylamine.......... 2 2) 10 | 4a 1401 | 88 
Ethanolamine............ 55 | 42 12 9| 65 | 49 


* Data integrated from tables 1, 2, and 3: a = numerators, 
b = denominators, ¢ = 132 — (a + b). 


biological demyelination of bovine spinal cord (Adelson 
et al., 1956). These and other cultures originally ob- 
tained from media containing impure lipids utilized a 
wide variety of materials, as did the organisms that 
had been isolated with purified phosphatides (table 1). 
For all three groups of microflora, the pattern of phos- 
phoglyceride metabolism was generally similar. This 
was not surprising since lecithin contains choline 
whereas ethanolamine or serine occupies the corre- 
sponding position in cephalin. The particular prepara- 
tion of cephalin employed in these investigations may 
have been a mixture of the two forms. Only one of the 
six stearate bacteria, but five and six of the nine olive 
oil organisms (table 2) assimilated the phospho- 
glycerides. Of the three choline actinomycetes, two 
grew well on lecithin, while two availed themselves of 
cephalin only to a limited extent (table 3). Nine of the 
11 ethanolamine-utilizing microorganisms assimilated 
both phosphoglycerides (table 3). 

The inositol phosphatide, sphingomyelin, and the 
four impure lipid preparations were readily attacked, 
especially by the organisms reported in tables 1 and 3. 
In a manner reminiscent of the clear zones surrounding 
colonies on agar plates, many of the originally turbid 
broths were digested with complete or almost complete 
clarification. Although some organisms did this with 
lecithin and cephalin, it was most frequently observed 
with the inositol substrate. Appreciable digestion of 
the spinal cord homogenate by a number of organisms 
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indicated the presence of proteolytic and lipolytic ey. 
zymes. Good growth was generally accompanied by 
acidification of the medium, except with  sodiyy 
glycerophosphate and the white matter homogenate 
where the reaction remained close to neutrality. 

The fact that the five cultures isolated on the purified 
cerebroside attacked sphingomyelin may reflect. the 
presence of this phosphosphingoside in the glycolipid 
preparation. The purified cerebroside which was readily 
assimilated by numerous organisms included some 
kerosin, other related cerebrosides, sphingomyelin, and 
sphingomyelin-like compounds. At least 90 per cent of 
these constituents analyzed for ‘‘cerebroside’’ with 
galactose and sphingosine in about the correct ratio 
(Dr. H. E. Carter, personal communication). The te. 
stricted utilization of phrenosin by only 5 out of the 
109 actinomycetes is somewhat surprising. This 
stability of phrenosin more likely indicates resistance 
to enzymatic attack by the particular organisms tested 
than inhibitive or antimicrobial properties, since many 
cultures grew well on some impure lipids which con- 
tained cerebrosides. No attempt was made to isolate 
phrenosin-utilizers. The small amount of this com- 
pound was conserved for cross-utilization tests. How- 
ever, the limited growth of five cultures on phrenosin 
suggests that more active organisms can be obtained 
through suitable enrichment cultures. 

Cholesterol permitted multiplication of only one 
organism, an ethanolamine isolate (table 3). The fatty 
acids and esters were quite readily utilized. The two 
cholesterol-degrading bacteria (table 2) apparently 
lost the ability to grow on this steroid while they were 
being maintained on glucose nutrient agar. There was 
no pronounced variation in the patterns of palmitate, 
stearate, and paraffin utilization. The widespread 
assimilation of olive oil and bayberry wax indicates 
that lipolytic enzymes occur in many of the 132 or- 
ganisms. 

Among the water-soluble compounds, glycerophos- 
phate, acetylcholine, and ethanolamine were assimi- 
lated by numerous cultures. Glycerophosphate did not 
allow as good development as lecithin and cephalin, 
both of which are more complex glycerophosphatides. 
Although nine ethylamine-utilizing organisms grew 
better on choline than on acetylcholine, the latter was 
a more generally available substrate. As a rule, the 
choline-containing lipids, lecithin and sphingomyelin, 
were more suitable for microbial development than 
choline itself. A greater number of cultures multiplied 
on ethanolamine as compared with ethylamine. 

For convenience, the results presented in tables 1, 2, 
and 3 have been condensed in table 4. From the sum- 
marized data, it is obvious that with the exception of 
phrenosin and cholesterol, the lipid substrates were 
metabolized by an appreciable percentage of the 132 
soil organisms. 
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Substrate specificity. The composition of the purified 
cerebroside has already been given. The crude brain 
sphingolipid (Carter et al., 1947) was made up of 
cerebrosides, sphingomyelin, and smaller amounts of 
other lipids, but had the majority of glycerophospha- 
tides removed. The proteolipid contained 8 to 9 per 
cent protein, 30 to 35 per cent cholesterol, 5 to 10 per 
cent cerebrosides, and 50 per cent phosphatides (Folch 
and Lees, 1951). The Armour B. §S. C. lipids consisted 
of sphingomyelin, cerebrosides, and animal lecithins, 
but no cholesterol. Notwithstanding the impure nature 
of these substrates, the results suggest differences in 
specificity. For example, not all the organisms isolated 
with cord homogenate grew on the other three impure 
lipids. Only three of the five sphingolipid-utilizing 
actinomycetes multiplied on the cord homogenate. 
Investigations on substrate specificity have been car- 
ried out with lecithinases (MacLennan, 1953; Hayaishi 
and Kornberg, 1954; Imbriano, 1950; MacFarlane, 
1948; Zameenik ef al., 1945), for which information 
about action toward different phosphatides is unfortu- 
nately limited (Wittcoff, 1951). Maintenance on glu- 
cose-nutrient agar may have caused a loss in the 
utilization of certain lipids by cultures which originally 
adapted to these substrates. This may explain the in- 
ability of several cultures to multiply on their re- 
spective isolation substrates in cross-utilization tests. 

Hemolysis. Since Clostridium welchii alpha toxin 
hemolyzes erythrocytes by acting on cell surface 
phosphatides (Zamecnik et al., 1945), it was decided to 
determine the distribution of hemolytic properties 
among the organisms employed in these investigations. 
The results with the 132 cultures showed that 35 (27 
per cent) caused marked, and 43 (33 per cent) slight 
hemolysis. Thus, 60 per cent of the organisms hemo- 
lyzed bovine erythrocytes to a greater or lesser extent. 
This value is less than the 89 per cent of organisms 
(table 4) which grew on lecithin. One might assume that 
their lecithinases vary in hemolytic activity, as has been 
observed for these enzymes in gas gangrene toxins 
(MacFarlane, 1955). In general, more cultures attacked 
the phosphatides as compared to the number that 
caused hemolysis. These data, therefore, support the 
belief that phospholipids differ in stability (Horlick, 
1954) and may be more resistant when conjugated than 
in the free state. 


DISCUSSION 

The results of the present investigation indicate that 
actinomycetes may be the most numerous group of soil 
microflora which decompose phospholipids and related 
substances that can serve as growth substrates for these 
organisms. 

This work was originally motivated by the numerous 
applications for which microbial phospholipases, lipo- 
proteinases, and related enzymes are useful biochemical 


reagents. They may, for example, be employed to 
separate, purify, isolate, identify, and characterize 
phosphatides, glycolipids, and lipoproteins (Hanahan 
and Vercamer, 1954; Kelsey and Longenecker, 1941). 
These enzymes may also be advantageously utilized in 
studies on the nature and structure of lipoprotein en- 
zymes, for example, succinic oxidase (Edwards and 
Ball, 1954) and adenosinetriphosphatase (Kielley and 
Meyerhof, 1950). In addition, microbial enzymes which 
transform such substances as phospholipids and lipo- 
proteins may find application in the biosynthesis 
(KXornberg and Pricer, 1952) of unnaturally-occurring 
phosphatides, glycolipids, sulfolipids, and aminolipids 
characterized by selective biochemical activity. 

The specific objective for which these studies were 
undertaken was the development of an zn vitro micro- 
biological demyelinating system (Adelson et al., 1956). 
For this purpose, myelin-digesting cultures with 
phospholipases, glycolipases, and lipoproteinases which 
differed in mode of action and substrate specificity were 
desired. The availability of a demyelinating test pro- 
cedure would enable compounds to be screened for 
antidemyelinating properties in vitro. Any agents 
active under these conditions might then be tested for 
their efficacy to halt demyelination in vivo. Myelin- 
degrading organisms could also contribute to our 
understanding of the nature of this complex material 
in vivo. By using their enzymes to disassemble myelin 
in a manner where each chemical fragment is identified 
and labelled as to order of removal, one may con- 
ceptually reconstruct the physico-chemical structure in 
its native state. 


SUMMARY 


The investigations here reported were undertaken to 
isolate soil microorganisms that catabolize various 
phospholipids, other constituents of myelin, and struc- 
turally related substances. The results revealed that 
numerous soil actinomycetes grew well on complex 
phosphatides, a purified cerebroside, fatty acids, esters, 
and simple water-soluble compounds. Cholesterol, 
phrenosin, and ethylamine did not permit good growth. 
These materials were selected because of their relation- 
ship to components of myelin. Although some of the 
substrates were not absolutely pure, the data from 
cross-utilization and hemolysis tests indicated dif- 
ferences in enzyme specificity. Applications of organ- 
isms with phosphatide-, glycolipid-, and lipoprotein- 
transforming enzymes are discussed. 
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A number of chemical treatments in which the effect 
is other than toxic have been and are being explored. 
Perhaps the most promising are those in which a reac- 
tion with the cellulose molecule takes place. Resistance 
to decay has been produced by treatments with phenol- 
formaldehyde mixtures, formaldehyde, acetic an- 
hydride, and acrylonitrile. 

In the evolution of wood preservation, as in so many 
other industrial processes, art preceded science. The 
gradual deterioration of wood exposed to damp condi- 
tions, in contrast to its tendency to remain sound when 
dry, was probably among man’s first observations. The 
ancient theorists no doubt explained this phenomenon 
as a softening effect of water. In line with this percep- 
tion, the earliest recorded attempts of wood users to 
prevent decay consisted of applying oily or tarry mate- 
rials in order to exclude moisture. While their con- 
fidence in such measures may have been misplaced, one 
cannot quarrel with their desire to keep the wood 
dry; this still is recognized as good practice whenever 
it is feasible. 

The protection of wood from the depredations of 
visible living organisms followed somewhat. different 
lines. The use of poisonous chemicals for this purpose 
is mentioned in some old scientific writings. The 
settlers of the New World naturally followed European 
practices, and so we find that, in 1540, solutions of 
“arsenite and sublimate’”’ were being used in the West 
Indies to protect wood from “wood lice.”’ 

Modern wood preservation as an industry may be 
said to have started with Bethel’s invention of the 
pressure process in 1838. Bethel used coal-tar creosote, 
and, although his choice was made before the true 
nature of decay was understood, creosote remains the 
leading wood preservative. 

The role played by living organisms in causing decay 
was first demonstrated by Hartig in 1874. Since then, 
research aimed toward the development of new wood 
preservatives has been confined largely to the search for 
new and improved toxicants. It has been recognized 
that the protection of wood might be achieved by some 


1 Presented at the meeting of American Institute of Biologi- 
cal Sciences, East Lansing, Michigan, September 7, 1955. 

2 Maintained at Madison, Wisconsin, in cooperation with the 
University of Wisconsin. 
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means other than impregnation with toxic materials, 
which is the only approach that has been commercially 
successful so far. It seems to be accepted by investi- 
gators, however, that this line of research has not yet 
reached the point of diminishing returns. 

The list of requirements that must be met by a new 
wood preservative are practically identical in nature 
with the requirements that must be met by preserva- 
tives for other materials. Whether the experimenter has 
in view the protection of wood, textiles, cordage, paper, 
paint, or leather, a satisfactory preservative first of all 
must prevent the growth of attacking organisms. It 
must have satisfactory permanence. It must be rela- 
tively free from harmful effects on the material being 
protected, on finishes to be applied to the material, and 
on processing equipment. It must be free from any 
health hazard that cannot be controlled satisfactorily. 
It must be available in adequate amounts and at a 
reasonable cost. The relative importance of these 
individual requirements varies from one material to 
another, as does the difficulty of meeting them. 

In the search for new preservatives to protect wood 
against decay and termites, interest lies chiefly in com- 
pounds that will leave the wood clean, paintable, and 
odorless. The preservatives already in use are con- 
sidered quite satisfactory for products that do not 
have these requirements. 

To begin with, the wood-preserving industry passed 
through an era of arbitrary trial of cheap industrial by- 
products. A more orderly approach has been followed 
during the past several decades. Relations between 
chemical constitution and toxicity have been studied 
by means of agar tests and soil-block tests. Some 
progress has been made toward an understanding of the 
loss of preservatives from wood. 

This work in wood preservation has had some effect 
on the application of fungicides to other products. For 
example, fundamental investigations in relations be- 
tween chemical constitution and toxicity toward wood 
destroying fungi led to the development of pentachloro- 
phenol, which has grown not only to considerable 
stature in wood preservation, but is being used to pre- 
vent fungus attack in materials other than wood. Wood 
preservation in turn has borrowed from related fields. 
Present-day research in wood preservation is being in- 
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fluenced by the findings of those who are striving to 
find better ways of preventing the deterioration of 
other organic materials. 

In the development of new wood preservatives, it is 
assumed generally that they will be applied by conven- 
tional processes. An exception lies in the study of 
double-diffusion treatments being conducted at the 
U.S. Forest Products Laboratory. In double-diffusion 
treatments, green wood is soaked in separate solutions 
of two or more chemicals that diffuse into the wood and 
then react to deposit toxic precipitates. The term dif- 
fusion is used in its broader sense; that is, to denote 
spontaneous spreading. If wood were waterlogged, the 
ingress of chemical would be due entirely to the dif- 
fusion of the solute from the surrounding solution into 
water present in the wood. Green wood, however, con- 
tains voids filled with air, and it is accepted that some 
liquid movement of the solution plays a part in the 
movement of chemical into and through the wood. 

For use in these treatments, the starting chemicals 
must be capable of reacting to form toxic compounds 
that are resistant to leaching. In addition to this, they 
must be capable of diffusing into wood at rates that 
make it possible to obtain adequate absorptions and 
distribution by practical treating schedules. 

A number of well-known methods of applying the 
chemicals have been considered and several of them 
have been tried. Posts and lumber have been treated 
by complete immersion in solutions of varied concen- 
tration for varied periods of time. This appears to be a 
practical procedure for small-scale commercial opera- 
tions where the wood is handled mechanically. The 
treatment of round peeled posts by standing them up- 
right in barrels has been explored quite thoroughly. 
Because of the low cost of the equipment, this pro- 
cedure offers promise for the on-the-farm treatment of 
posts. Treatments of lumber have been made by sprin- 
kling dry chemicals, and also pastes, on the surface of 
green boards, which were close piled to retard drying. 
This might be a useful procedure in remote areas where 
tanks large enough to hold the lumber are not avail- 
able. The treatment of veneer and thin lumber by slow 
passage through long shallow tanks has been visualized. 

A number of combinations of chemicals are being 
evaluated in test plots, with treated pine posts being 
the principal test material. The first field tests were 
started in 1941 on posts treated by complete immersion, 
first in copper sulfate solution and then in sodium 
arsenate solution. Only one of the original 100 posts has 
failed to date. The second series of tests, started in 
1942, was made with pine stakes 2 by + by 18 inches in 
size. Several time schedules were used in applying two 
combinations of chemicals: copper sulfate followed by 
sodium arsenate and copper sulfate followed by sodium 
chromate. One failure has occurred in the 40 stakes 
protected by copper chromate, and none have occurred 
in the 30 stakes protected by copper arsenate. 
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This double-diffusion project was discontinued 
during World War II. When it was resumed, attention 
was first devoted to the standing-in-barrel treatment 
of posts. A number of chemical combinations have been 
used to treat test posts by this modification of double 
diffusion. Variations in treating schedule and handling 
also have been studied in these tests. 

Ot the combinations of chemicals that might be used, 
copper sulfate followed by sodium arsenate is not con- 
sidered suitable for on-the-farm treatment. The sodium 
arsenate solution would present a hazard to the less 
careful operators, and also to livestock, which is at- 
tracted by this chemical. 

Copper sulfate followed by sodium chromate appears 
to be reasonably safe for the barrel-type treatment. If 
the posts are given a butt treatment only with this 
combination, a poor distribution of chromate is ob- 
tained. The top part of a typical post contains un- 
changed copper sulfate, and, since this could be ex- 
pected to accelerate the corrosion of staples, it seems 
advisable to invert the post during part of the time in 
the sodium chromate solution. 

Treatments have been made in which the first solu- 
tion consisted of a mixture of copper sulfate and arsenic 
acid (in a ratio of approximately 5 to 1), with sodium 
chromate being used for the second stage. In this way, 
arsenic, with its high toxicity to termites and to certain 
species of fungi, may be introduced into the post with- 
out using a solution that is attractive to livestock. 
There is little reason to doubt the effectiveness of this 
treatment when properly conducted. The chief disad- 
vantages stem from the corrosiveness of copper sulfate; 
it necessitates the extra handling involved in inverting 
the post during the second stage and also requires the 
use of a wooden barrel for the first solution. 

A treatment similar to that described in the preced- 
ing paragraph has been made in which zinc sulfate was 
substituted for copper sulfate. The principal advantage 
of this treatment is the low corrosiveness of zine sulfate, 
which permits the replacement of the wooden barrel 
with the more readily obtainable oil drum. Further- 
more, since the excess zinc sulfate in the upper part of 
a post would have little corrosive effect on staples, the 
inversion of the post in the sodium chromate solution 
appears unnecessary from the standpoint of corrosion 
hazards. 

The combination of copper sulfate and sodium 
fluoride appears promising on the basis of chemical 
analyses of treated posts and limited service tests. 
Either copper sulfate or zinc sulfate followed by a borax- 
boric acid solution (borax alone in cold water does not 
yield a solution of desired concentration) has possi- 
bilities and is under test. Several other combinations 
might be mentioned. 

As would be expected, the results obtained with any 
given combination of chemicals vary with the thorough- 
ness of the treatment. With posts treated by a schedule 
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of 1 day in each of 2 solutions of 4 per cent concentra- 
tion or less, the results have been fair at best. Good re- 
sults appear to be attainable when the posts are stood 
for 2 or more days in solutions of the more effective 
chemicals. Concentrations of 5 per cent or above seem 
advisable. The field tests in progress must be continued 
further before the most practical combination of chemi- 
cals can be selected and its effectiveness compared with 
that of older preservatives. 

By complete immersion of green pine posts in strong 
solutions, it is possible to obtain total absorptions of 
approximately | pound of chemical per cubic foot of 
wood by a schedule of 1 day in each solution. The 
analyses of sections show fairly good penetration. 

Increasing the solution temperature accelerates the 
rate of diffusion. It also makes possible the use of 
stronger solutions, which further increases the rate of 
diffusion. Thus the use of heated solutions, which would 
be feasible in commercial operations, decreases the 
tank time required to obtain a desired absorption of 
chemical. 

As an example of the results that are possible under 
favorable conditions, some 1-inch pine lumber soaked 
for 3 hours in 20 per cent solutions of copper sulfate 
and sodium chromate at temperatures of approxi- 
mately 50 C showed complete penetration after it was 
seasoned. 

A limited number of experiments have shown marked 
differences in the treatability of various hardwood 
species by this method. In general, the results have 
been less favorable than on pine. 

Two small commercial plants now are using double 
diffusion in the production of posts for local use. By 
far the most important application of double diffusion 
so far has been in the treatment of cooling towers. 
Most towers are made of a naturally durable species, 
redwood, but continuous exposure to running water 
causes a loss of protective extractives. In a period of 5 
to 8 years, decay may progress to the point where costly 
shutdowns and repairs are necessary. In 1952, a tower 
at an oil refinery was given a double-diffusion treat- 
ment with copper sulfate and sodium chromate. The 
copper sulfate solution first was recirculated over the 
tower for 3 days. After a rest period of 3 days to permit 
diffusion, sodium chromate solution was recirculated in 
a similar manner. Some time later a second tower was 
treated by a power company, and a different method 
of application was used. The solutions were sprayed 
over the internal surfaces by means of an orchard-type 
sprayer. As compared with the circulation method used 
in the first treatment, the spraying technique requires 
smaller volumes of solutions. It has been used in subse- 
quent treatments of towers. 

Reports have been received on the treatment of 58 
towers containing 12,600,000 board feet of lumber. 
Approximately 1,578,000 pounds of chemicals have 
been used. The rate at which towers are being treated is 


shown by the fact that 2 towers were treated during 
1952, 6 in 1954, 30 in 1955, and 19 will be treated 
during the first 5 months of 1956. 

Analyses of samples from treated towers have shown 
that the absorption of chemicals generally falls within 
a range of 14 to 34 pound total chemical per cubic 
foot of wood. This is within the range of absorptions 
used in commercial treatments of lumber. While 
similar absorptions of these chemicals are giving good 
protection to wood exposed to the soil, the differences 
in exposure conditions and in the species of fungi found 
in towers call for reservations in predicting the service 
life of treated towers. 

In wood preservation, it is unusual for a treatment 
to be used to an appreciable extent without fairly con- 
clusive evidence of its effectiveness under specific use 
conditions. This particular exception may be explained 
by the lack of any other treatment that appears as 
promising as double diffusion for this purpose, the 
extreme difficulty of treating a large structure by any 
other method, and also by the high value of a cooling 
tower in relation to the cost of the treatment. 

It has been mentioned that all commercial treat- 
ments up to the present have consisted of applying 
toxic materials to the wood. This statement may need 
some qualification. The increase in the service life that 
results from creosoting a crosstie is not due entirely to 
the prevention of fungal growth. The water-shedding 
effect is beneficial in producing a reduction in splitting 
and checking, with an accompanying increase in 
mechanical life. The greasy surface imparted to piling 
by creosote or creosote coal-tar solutions is probably 
an important factor in preventing attack by Limnoria. 

Efforts to preserve wood by some approach other 
than the application of toxicants have followed several 
lines. The most promising leads have come from treat- 
ments that modify the composition of the cell wall. 

When wood is treated with a water-soluble phenol- 
formaldehyde resinoid, resistance to decay is obtained. 
This cannot be cited as a clear-cut example of decay 
resistance obtained by modification of the cell wall, 
because other factors may be contributing to the end 
result. The same is true of treatments with formalde- 
hyde gas in the presence of an acid catalyst. 

Heating wood under conditions that just avoid 
charring imparts resistance to fungi. The effect is be- 
lieved to be due to decreased hygroscopicity that re- 
sults from the formation of ether cross linkages by the 
elimination of water from two adjacent hydroxyl 
groups. The loss in mechanical strength is a serious 
drawback to this treatment. 

The acetylation of veneer not only decreases its 
tendency to shrink and swell but also decreases its 
vulnerability to decay and termite attack. The treat- 
ment is rather costly and has not yet been utilized 
commercially. ' 

Recent experiments in the cyanoethylation of wood 
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have been very encouraging. Pine blocks treated with 
ammoniacal solutions of acrylonitrile have shown com- 
plete resistance to three commonly used test fungi in 
the soil-block test. 

Other treatments that do not rely on the toxicity of 
chemicals are possible and merit investigation. There 
is a real need in many instances for rot-proof and 
termite-proof wood that is free from impregnants that 
are likely to contaminate other materials. Further de- 
velopments in this type of treatment, therefore, can be 
anticipated. 


SUMMARY 


Preservative treatments of wood up to the present 
have been based almost entirely on the application of 


[von, 4 


materials that are toxic to wood-destroying organisms, 
While the older preservatives still account for a high 
percentage of the total volume, there has been a de. 
cided increase in the use of several of the newer pre. 
servatives. The search for effective preservatives con. 
tinues, especially for chemicals that may be used to 
produce a clean, odorless, paintable wood product. 

A two-stage diffusion process called double diffusion 
was developed at the Forest Products Laboratory, and 
is giving promising results in field tests. The process 
consists of soaking green wood in two separate solu- 
tions of chemicals that diffuse into the wood and then 
react within the wood to deposit a toxic precipitate, 
An interesting application is in the treatment of cool- 
ing towers that have begun to decay. 
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Novobiocin! (streptonivicin) is a new antibiotic dis- 
covered in the laboratories of The Upjohn Company. 
The announcement of the antibiotic (Smith ef al., 
1956), chemical properties (Hoeksema et al., 1956), 
structure (Hinman et al., 1956; Hoeksema et al., 1955), 
therapeutic activities (Wilkins et al., 1956), tissue as- 
say method (Taylor et al., 1956a), pharmacologic 
properties (Taylor et al., 1956b and Larson et al., 1956), 
and clinical studies (Lin et al., 1956 and Martin et al., 
1955) have been reported previously. This publication 
describes fermentation studies with Streptomyces 
niveus. 


MATERIALS AND METHODS 


Streptomyces niveus was maintained on maltose- 
tryptone agar slants prepared from soil or freeze-dried 
stocks as described previously (Smith et al., 1956). All 
fermentations were carried out in 500-ml Erlenmeyer 
flasks containing 100 ml of medium. The flasks were 
sterilized at 120 C for 20 minutes and incubated on a 
Gump shaker rotating at 250 rpm with a 2-inch 
throw. Vegetative seed was prepared by inoculating a 
medium containing glucose monohydrate, 25 g per L, 
and cottonseed meal, 40 g per L, with a loopful of 
spores. One hundred ml of the seed medium was in- 
cubated in a 500-ml Erlenmeyer flask as described 
above. The fermentation samples were prepared for 


1 The trademark of The Upjohn Company for novobiocin is 
Albamycin. 


assay by diluting the fermentation broth in 0.1 x 
phosphate buffer of pH 7.85 after removing the solids 
by centrifugation. The dise plate assay procedure for 
novobiocin using Klebsiella pneumoniae as test organ- 
ism was described in a previous publication (Smith 
et al., 1956). The standard error of the assay was about 
20 per cent. 

Cell dry weight was determined by washing the 
cells three times with distilled water and drying the 
residue at 110 C for 24 hours. Nitrogen was deter- 
mined by a modified Kjeldahl procedure. Carbohydrate 
was determined with the anthrone reagent (Morris, 
1948). Two ml of the sugar solution plus 4 ml of an- 
throne reagent (2 g per L in 95 per cent H.SO,) were 
heated on a steam bath for 10 minutes to develop the 
color, which was determined at a wave length of 620 
mu in a Bausch and Lomb “Spectronic 20” photo- 
colorimeter. Protein nitrogen in the cells was deter- 
mined on the trichloracetic acid precipitate obtained 
by suspending the centrifuged cells, previously washed 
twice with water, in 12 per cent trichloracetic acid. 
The precipitated cell protein was washed three times 
with trichloracetic acid solution prior to analysis to 
remove TCA soluble peptides and amino acids. Total 
cellular nitrogen was determined on the intact. cells 
after washing three times with water. 


RESULTS AND Discussion 


The effect of composition of the medium on antibiotic 
‘arly media studies were reported in 4 


production. 
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previous publication (Smith et al., 1956). Extended 
media studies were carried out with various carbo- 
hydrate and nitrogen sources. The pH of the various 
media was adjusted to a value which would give a pH 
of approximately 6.5 after sterilizing. Media were run 
generally in two or more flasks and the samples pooled 
prior to assaying. The standard deviation among runs 
was approximately 160 ug per ml determined on 17 runs 
which averaged 475 wg per ml. The results of the media 
studies are shown in tables 1, 2, and 3. The effect of 
single nitrogen sources on novobiocin production is 
shown in table 1. 

The data in table 1 show distillers solubles to be the 
best single nitrogen source tested for novobiocin pro- 
duction. The effect of combining various nitrogen 
sources With distillers solubles in an effort to stimulate 


TaBLE 1. The effect of single nitrogen sources on the production 
of novobiocin 


Peak Yield of 





Nitrogen Source Concentration 


| Novobiocin 

g/L. | pg/ml 

Distillers solubles (Brown-For- | 
1), SO . ee 40 | 475 
Distillers solubles............... 20 380 
Lykanut (Traders Oil Mill Co.)... 30 | 125 
Soy bean meal... . 40 45 
Meat and bone seaps (Darling Co.). 35 | 75 
Soya protein (The Glidden Co.).... 20 30 
Wheat germ meal (General Mills). 40 105 
Guar seed meal (Stein-Hall Co.) .. 40 90 
rc Le 20 150 


In addition to the nitrogen, the media contained glucose, 
25 g per L as the carbon source. The nitrogen sources were 
added at levels to furnish approximately 2 g per L total nitro- 
gen to the medium. Fermentation temperature was 28 C. 


TABLE 2, The effect of combined nitrogen sources on antibiotic 
production 


Peak Yield of 


Ni yen S ce f . Basal* ~ ‘Sas! 
itrogen Source Added to Basal Novoliocin 


Concentration 


g/L pg/ml 
RG vache le <ce os -— 380 
Distillers solubles.. aie, 20 475 
Yeast (Pabst)......... A eee 12 270 
Animal stick liquor (Armour and 
0S ee RE eer 15 315 
KNO;.......... See atee 5 225 
Nutrient 22 (A. E. Staley).... 20 (wet) 375 
Ammonium sulfate............... 7.5 <100 
N-Z amine B..... Peewee 12 355 
Beef extract (Difco)............. 10 395 
Nutrient L-1 (Sheffield)........... 10 425 
Thio peptone (Wilson and Co.)... 10 410 
SOYA POtEIN.......0.... 0005. waters 10 145 
Pharmamedia (Traders Oil Mill 
RON oe eda i 12 365 





* Basal medium was glucose-H2O, 25 g per L; distillers 
solubles, 20 g per L; presterilization pH = 7.8; fermentation 
temperature 28 C. 


TABLE 3. The effect of carbohydrate sources on antibiotic 











production 
Carbohydrate Added to Basal* at 25 g/L _ ae f 
: p/m . 
Glucose-H2O (Cerelose)....................04- 475 
Glucose: H.O, 40 g/L................5...000005 405 
RN NOIRIMEIEES rants Sig hrc Sd ac Heals 9) ok Piven c's sho tag A etelarecil 555 
PERRO AUN AR so acacia s cared odlinkswe-aece Om 560 
Molasses, blackstrap (dry weight)............. | 245 
Molasses, high test (dry weight).............. | 150 
oT SR ee an ee eae ee RL A Me 325 
MINN rect er sere ae Heras cade | 140 
RR eRR Bi Ss erie frets rien eo ance a wa a 405 
NPR OGLO Laws toi irene a te ieee races 405 





* Basal medium was distillers solubles, 40 g per L; pre- 
sterilization pH = 7.8; fermentation temperature 28 C. 


production was investigated and the results are pre- 
sented in table 2. 

The data in tables 1 and 2 show that no single or 
combined nitrogen sources investigated could give a 
significantly better yield of novobiocin than distillers 
solubles, and most of the nitrogen sources, when com- 
bined with distillers solubles, decreased the yield of 
antibiotic obtained on the latter. The reason for the 
superiority of distillers solubles is unknown, and simple 
fractionation procedures have afforded no fractions 
with stimulatory activity. 

The effect of various carbohydrate sources on novo- 
biocin production was investigated with distillers sol- 
ubles as the nitrogen source. The results are shown in 
table 3. 

The data in table 3 show sucrose was the best carbo- 
hydrate source investigated when distillers solubles were 
the nitrogen source. Antibiotic titer was not significantly 
affected when the concentration of glucose or sucrose 
was increased from 25 to 40 g per L. In a previous 
publication (Smith et al., 1956), molasses was reported 
to be the best carbohydrate sources for novobiocin 
production, and sucrose was found to give only traces 
of activity when the nitrogen source was egg peptone 
plus beef extract. Sucrose and molasses were compared 
in the same run with egg peptone-beef extract and 
distillers solubles as nitrogen sources and the results, as 
described previously, were confirmed. Sucrose was 
superior to glucose for novobiocin production in shaken 
flasks when the nitrogen source was distillers solubles, 
but it gave only traces of activity when the nitrogen 
source was egg peptone plus beef extract. 

The yields of novobiocin varied from 400 to 500 
ug per ml and no increase in production over that ob- 
tained with sucrose alone was realized with a carbo- 
hydrate source of glucose 12.5 g per L combined with © 
one of the following: starch, glycerol, molasses, sucrose, 
dextrin, or lactose at 12.5 g per L. 

The effect of slant and seed media on antibiotic produc- 
tion. The effect of slant media was investigated by 
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TaBLeE 4. The effect of slant media and storage on production 





Peak Yield 
Composition of Slant Medium (g/L) - 
One Four 
week | months 


pg/ml* 
Glucose: H.0, 20; N-Z Amine B, 5; soy peptone, 
20; agar 20.. = ; 
Maltose, 10; tryptone,5; K2HPO,;,2; Mg, 20 ug/ml; 
Mn, Fe and Zn, 1 ug/ml; agar, 15 ..| 465 | 425 
Glucose: H.20, 10; soy peptone, 8; yeast extract, 


LS | ee . 500 295 
Glucose: HO, 10; ammonium sulfate, 2.5; salts as 
above; agar, 15..... Serre ny Brey Arey 365 =| 310 


* Fermentation medium was glucose-H.O, 28; distillers 
solubles, 40 g per L; fermentation temperature 28 C. 


TaBLeE 5. The effect of seed media on antibiotic produciion 





Peak Yield of 


. eae Seed Medi x /L) ard 
Composition of Seed Medium (g/I Novobiocin 





p/ml* 


Glucose monohydrate, 25; cottonseed meal, 40 500 
Glucose monohydrate, 25; distillers solubles, 40. 560 
Glucose monohydrate, 25; egg peptone, 26.... 400 
Glucose monohydrate, 25; Pharmamedia, 25. .. 450 





* Fermentation medium was glucose 25 g per L; distillers 
solubles, 40 g per L; fermentation temperature 28 C. 


planting vegetative seed of S. niveus onto four different 
agar slant media, and checking the production of the 
culture after one week and again after four months 
storage of these slants at 5 C. The results of the investi- 
gation are shown in table 4. 

Although the effect of slant media on the yield of 
antibiotic was not striking, maltose-tryptone slants 
were used for future work since the culture appeared 
most stable when stored on this medium. 

The effect of seed media on antibiotic production was 
investigated by growing the vegetative seed of S. 
niveus in four different seed media. The results are 
shown in table 5. 

The data in table 5 show that a seed medium con- 
taining distillers solubles may have been superior to the 
other seed media tested, although the differences were 
not significant. 

The effect of temperature and aeration rate on antibiotic 
production. Fermentations with S. niveus were carried 
out in the glucose-distillers solubles medium described 
earlier at 24, 28, and 32 C. Antibiotic titer was not 
significantly different when fermentations were carried 
out at 24 or 28C, but the yields were depressed at 
32 C. 

In several fermentations, the flasks were incubated 
at 28 C for three days when they were transferred to 24 
or 32 C. No significant change in titer was observed as 
a result of these temperature changes. Temperature of 
seed incubation has been reported to influence subse- 
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quent growth and fermentation by B. subtilis (Weller. 
son and Tetrault, 1955). The effect of temperature of 
incubation of S. niveus seed on subsequent fermentation 
was investigated by cultivating the seed at 28 and 32¢ 
and incubating the fermentation flasks inoculated with 
these seeds at 28 C. A decrease in titer was observed 
when the seed was grown at 32 C. In general, S. niveus 
did not grow well at 32 C, although the flasks that were 
transferred from 28 C remained viscous at 32 C. 

The effective aeration rates of the shake flasks em- 
ployed were varied from approximately 0.3 to 2.6 by 
indenting the sides of the flasks as described by Smith 
and Johnson (1954). No change in titer was observed 
when S. niveus was incubated at various effective 
aeration rates in baffled flasks. With some actino- 
mycetes, it has been observed that in a baffled shake 
flask the dry cell yields are not increased, and may be 
decreased because the cells are pounded continually 
against the baffle. With bacteria, the cell yields ob- 
tained in shake flasks have been shown to vary with the 
increased aeration rate when the flasks were indented 
(Smith e¢ al., 1956). With filamentous organisms, the 
cells often are broken by striking against the baffles in 
the flask. Although the baffle increases the effective 
aeration rate to the medium within the flask, it may 
cause extensive disruption of filamentous cells and 
actually do more harm than good. In an effort to cir- 
cumvent injury to the cells from striking the baffle, the 
aeration efficiency was increased by decreasing the 
volume of medium in the flask. No change in titer was 
observed under these conditions of aeration. 

The effect of inhibitors and precursors on antibiotic 
production. The following metabolic inhibitors were 
added to the glucose-distillers solubles medium in an 
effort to stimulate antibiotic production: arsenite, 
fluoride, dinitrophenol, cycloheximide, iodoacetate, 
sulfadiazine, bromopyruvic acid, and malonic acid. The 
concentrations used varied from 10-* m to 0.1 g/L de- 
pending upon the substance. No increase in antibiotic 
titer was observed in the presence of these inhibitors, 
although the yields were depressed in some instances. 

The following substances were added to the basal 
medium as possible precursors of novobiocin: p-hy- 
droxybenzoic acid, p-aminobenzoic acid, benzoic acid, 
ethyl acetoacetate, acetone powder of S. niveus my- 
celium, extracts of distillers solubles, a-aminobutyric 
acid, phenylacetaldehyde, quinic acid, shikimic acid, 
and 4-acetoxy-3-(3-methyl-2-butenyl)-benzoic acid. 
The concentrations used varied from 0.1 to 1.0 g per L. 
The last-mentioned compound is a crystalline deg- 
radation product of novobiocin. This compound in- 
hibited growth of S. niveus when added at zero time, and 
was added after the mycelium had reached full growth. 
No increase in antibiotic titer was observed with any of 
the compounds added as precursors. In the presence of 
shikimie acid, a dark green pigment was produced 
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which was not observed with quinic acid, tyrosine, or 
phenylalanine. 

The effect of slow feeding on production. The following 
substances were added to fermentations once a day 
after the third day of growth: glucose, sucrose, fructose, 
ammonium salts, urea, vitamin mixture, distillers solu- 
bles, gluconic acid, shikimic acid, sedoheptulosan, 
cottonseed oil, citrate, and methionine. No stimulation 
of production was observed, although ammonia con- 
sistently depressed the yields. 

Biochemical changes in the culture medium during pro- 
duction of novobiocin. A correlation between the protein 
metabolism of Streptomyces aureofaciens and chlortetra- 
cycline production has been suggested by the work 
of Biffi and co-workers (1954). These investigators ob- 
served the total cell weight to be approximately equal 
on media of high or low phosphate content, although the 
antibiotic production varied by a factor of two and the 
mycelial protein by a factor of five. The soluble nitrogen 
in the medium in both high and low phosphate con- 
ditions was approximately the same. The results suggest 
a possible correlation between protein breakdown to 
trichloracetic acid soluble, nondiffusible peptides, and 
chlortetracycline synthesis in S. aureofaciens. 

The protein metabolism of S. niveus was investigated 
in an effort to determine whether the protein breakdown 
reported for S. aureofaciens during antibiotic production 
was occurring in S. niveus also. 

Two sampling procedures were employed in this 
study. Replicate shake flasks were run on each medium 
investigated, and the flasks sampled either by removing 
an aliquot from each flask and pooling the aliquots 
prior to analyzing, or by removing and pooling three 
flasks at each sampling. In the former procedure, each 
flask remained on the shaker for the entire experiment. 
The latter sampling procedure was much more con- 
venient, and gave similar results. The medium chosen 
for the study of biochemical changes in the culture had 
the following composition: glucose - H.O, 25 g per L; egg 
peptone, 20 g per L; beef extract, 10 g per L. This 
medium was almost clear and the difficulties en- 
countered with suspended solids were obviated. The 
biochemical changes in the egg peptone-beef extract 
medium are shown in figures 1 and 2. 

Figure 1 shows the nitrogen and cell weight changes 
during growth and figure 2 shows the carbohydrate, pH, 
antibiotic, and cell weight relationships. Inspection of 
figure 1 shows that the total and protein nitrogen 
contents of the mycelium were approximately equal 
during the entire fermentation. The sum of mycelial 
nitrogen and soluble nitrogen as calculated at various 
times was approximately equal to the total nitrogen 
present at the time of inoculation. Calculations of 
mycelial dry weights show that the cells must be formed 
equally from amino acids and sugar (figures 1 and 2) 
since the cell yields based on sugar utilized approach 


NITROGEN , mg. /mi 


40 


TOTAL N 
IN MEDIUM 







3.0 4 


x 
vy 


xn 
° 






ve 


CELL ORY Z 
WEIGHT 
s TOTAL AND ‘ 
PROTEIN N 
In CELLS ré 
ry 


° 10 20 30 40 50 60 70 80 90 100 
TIME IN HOURS 


CELL ORY WEIGHT, mg/ml 














Fig. 1. Nitrogen and cell weight changes during growth of 
Streptomyces niveus on egg peptone-beef extract medium. 
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Fig. 2. Cell weight, carbohydrate changes, pH, and anti- 
biotic courses during growth of Streptomyces niveus on egg 
peptone-beef extract medium. 


100 per cent, whereas yields based on sugar plus amino 
acid approximate 50 per cent. 

Phosphate has been reported to markedly influence 
fermentations (Perlman et al., 1952 and 1954, Biffi et al., 
1954). The addition of 2 g per L potassium phosphate 
to the egg peptone-beef extract medium described above 
after autoclaving had no effect on the fermentation of 
S. niveus under the experimental conditions imposed, 
and the curves obtained with and without added phos- 
phate were superimposable. 

The biochemical changes occurring in the culture 
when S. niveus was grown on a medium containing 
glucose: H,O, 25 g per L, egg peptone, 15 g per L, soy 
peptone, 15 g per L, were qualitatively similar to those 
shown in the above figures, and, although antibiotic 
titer was lower than that obtained on the egg peptone- 
beef extract medium, there were no significant differ- 
ences in the nitrogen metabolism. 
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SUMMARY 


Novobiocin has been produced in yields of 550 
micrograms per milliliter on a medium containing 25 to 
40 g per L of sucrose and 40 g per L of distillers solubles. 
No increase in antibiotic production by Streptomyces 
niveus was observed when the composition of the slant 
and seed media, the fermentation temperature, and the 
effective aeration rate were varied. The addition to the 
fermentation medium of certain metabolic inhibitors 
and possible precursors or stimulators did not increase 
the antibiotic yield. The biochemical changes in the 
culture medium during growth of S. niveus have been 
determined. 
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A great number of chemical compounds have been 
proposed as aerial disinfectants (Bourdillon et al., 1948; 
Wells 1955), and opinions of their value differ widely. 
The absence of a common testing procedure and 
method of expressing results may account for these 
differences. It was the opinion that an evaluation pro- 
cedure analogous to that involved in determining 
“phenol coefficients” for in vitro disinfectants would be 
a valuable contribution to the search for a suitable 
aerial disinfectant. This study, started some four years 
ago, proposes a standard procedure for this purpose. 

The most noteworthy prior contribution to the de- 
velopment of a procedure for the evaluation of aerial 
disinfectants is incorporated in the detailed report of 
the Aerosols Panel of the British Disinfectant Manu- 
facturers’ Association (Berry et al., 1949). The pro- 
cedure recommended by the Aerosols Panel consists of 
atomizing a bacterial suspension into a closed room, 
then introducing chemical vapors and determining the 
rate of disappearance of the airborne bacteria with a 
slit sampler. Our proposed procedure differs from that 
of the Aerosols Panel in almost every respect. For this 
reason, and because of the numerous variables involved, 
the experimental materials and methods are described 
in some detail. 


MATERIALS AND METHODS 


The test culture. The investigations were carried out 
with cultures of Serratia marcescens strain ATCC 274. 
As the existence of a number of variants within this 
strain has been reported (Bunting, 1940), extreme care 
was taken to differentiate the culture as received from 
the Culture Collection. It was found that the primary 
form is characterized by circular, thin, smooth, red- 
carmine to orange-red colonies on nutrient agar when 
incubated at 20 C. (It should be noted that a few pink 
and a very few white colonies were isolated from the 
stock culture.) After isolating the primary form of S. 
marcescens strain ATCC 274, subsequent transfers were 
made into 60-ml volumes of 0.3 per cent beef-extract 
broth and incubated at 30C. Five serial transfers at 
regular intervals of 45 to 48 hr were made before using 
the culture in tests. Thereafter the test culture was 

1 These studies were aided in part by National Institutes of 
Health grant-in-aid, RG-2771. A partial account of this work 
was presented at the 56th annual meeting of the Society of 
American Bacteriologists, Houston, Texas, May 1956. 


maintained in broth, exhibiting cultural stability 
through at least 45 serial transfers. Broth test cultures 
were reconstituted from stock nutrient agar butt tubes 
every 30 to 60 days, these being stored at 5 C with a 
surface overlay of mineral oil. The use of broth cultures 
45 to 48 hr old provided a physiologically and numeri- 
cally stable population (50 to 100 X 10’ per ml) for 
daily use in aerosol tests. 

All media were standard Difco preparations (Difco 
Laboratories), and all water used was distilled first and 
then passed through a mixed-bed, ion-exchange column 
(IRA 400 and IR 120).? 

Control of temperature and humidity. All tests were 
conducted in a large insulated room in which the tem- 
perature and dewpoint of the air could be adjusted and 
controlled within +0.5 C. Although studies were made 
under a variety of conditions of temperature and 
humidity, it was found that 20 C and relative humidities 
of 25 and 80 per cent constituted representative con- 
ditions for the testing of aerial disinfectants. 

In the case of effective aerial disinfectants, it is un- 
necessary to make any correction for the death of air- 
borne bacteria under the control conditions because this 
loss is small compared to that caused by aerial disin- 
fectants. However, in order to be certain that the re- 
sponse of the test organism to aerial dispersion remained 
constant, the aerosol was monitored at regular intervals 
in the absence of chemical vapors under standard 
conditions. 

PERFORMANCE OF THE TEST 

The production of the standard bacterial aerosol. (See 
figure 1 for details of equipment.) In producing the 
standard bacterial aerosol, approximately 100 ml of 
broth culture are transferred to a 250-ml aspirator 
bottle, which serves as a reservoir, being connected to a 
No. 40 DeVilbiss all-glass atomizer. Both the atomizer 
and the reservoir are placed in a water bath held at 
10C during operation. To minimize concentration 
effects within the atomizer, a siphon pump is connected 
to the atomizer-reservoir system, thereby continually 
mixing the culture in the atomizer with that in the 
reservoir. 

The bacterial aerosol is formed from the broth culture 
by operating the atomizer with 6.4 L per min of carefully 


2 Rohm and Haas Co., Chicago, Illinois. 
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Fic. 1. Equipment for the production of the standard 
bacterial aerosol. A constant backpressure is maintained within 
the prechamber by the restriction at the exit. The siphon 
pump mixes the contents of the atomizer and the reservoir by 
varying the resistance to this backpressure. 


regulated compressed air. This aerosol is classified by 
passage through a 33-cm cubical prechamber where the 
larger particles settle out, resulting in a cloud of not less 
than 90 per cent of single-bacterium-carrying particles, 
and no particles carrying more than two bacteria. These 
particles are approximately equivalent in size to spheres 
of 1.8 uw in diameter at 25 per cent relative humidity, 
and 2.3 w at 80 per cent. Data as to the size and com- 
position of the particles in this aerosol were obtained in 
a 4-foot cubical chamber by taking air and settling 
samples simultaneously and through the use of an 
electron microscope in examining the settled particles. 

Diluting the standard aerosol. (See figure 2 for details 
of equipment.) The standard bacterial aerosol passes 
from the prechamber and is drawn into the cylinder 
system together with approximately 22 L of air of the 
desired temperature and dewpoint. An aerosol cloud is 
often difficult to disperse, and uniform dilution of bac- 
terial aerosols is not consummated easily. For the rate 
of flow encountered here, the illustrated cone mixers 
are an effective solution to this problem. The cones are 
formed from two 6-inch, 60-degree metal funnels, 
soldered mouth to mouth. At the entrance to each cone 
is a restriction, the first being 0.375 inches in diameter, 
the second 0.25 inches. There is also a restriction of 
0.25 inches in diameter at the exit of the second cone. 
This mixing system is employed both to dilute the 
standard bacterial aerosol and also to mix the diluted 
aerosol with the chemical vapors. 

With the exception of the restrictions in the cone 
mixers, all other tubes in the aerosol cylinder system 
are of 0.5-inch internal diameter copper tubing. There 
are no abrupt bends or turns. Connections are made 
with refrigeration fittings, either solder or flare. 

Production of the chemical vapors. (See figure 2 for 
details of equipment.) The compound under test is 
vaporized in a small chemical-vapor generator consist- 
ing of a weighed midget impinger, housed in an 
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Fic. 2. Aerosol cylinder and accessory equipment for testing 
aerial disinfectants. All tubes carrying the aerosol are made of 
0.5-in internal diameter copper tubing. 


electrically heated jacket. The temperature of the com- 
pound is determined with a thermocouple and microam- 
meter, and adjusted as desired (usually at 110 C) with 
a variable transformer connected to the heating jacket. 
Dry air is run through the midget impinger at flows of 
200 to 500 ce per min so that the amount of compound 
vaporized per minute is slightly more than sufficient to 
achieve saturation of the total airflow through the 
system. The concentration of compound in this air is 
estimated from the weight-loss data during the timed 
test. Because the entire system is of smooth, nonporous 
materials and is held at a uniform temperature, losses 
of the chemical vapors are negligible, and the nominal 
and actual concentrations are in good agreement. 

The aerosol cylinder. (See figure 2 for details.) The 
diluted bacterial aerosol and chemical vapors are mixed 
in a cone mixer, and then pass into the aerosol cylinder. 
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This cylinder is a low-pressure, nonshatterable oxygen 
cylinder such as used by aviators during high-altitude 
fights. It is made of stainless steel, 12 inches in di- 
ameter, has a straight cylindrical midsection 12 inches 
in length, and is 24 inches in over-all length, the end 
sections being dome-shaped. The internal volume of the 
cylinder is approximately 35 L. When air is passed 
through the cylinder at 28.3 L per min, the measured 
detention time is 3.5 min. The airflow through the 
cylinder is held constant by means of a critical orifice 
inserted in the vacuum line. A flowmeter in this same 
line provides a visual check on the operation of the 
system. : 

After passing through the aerosol cylinder, the mix- 
ture of air, bacterial aerosol and chemical vapors is 
drawn into the vacuum pump (Hytor)* and is flushed 
down the water drain. After the completion of a test, 
the cylinder is disconnected from the rest of the system, 
cleansed with live steam, and air-dried. In practice 
(although not shown in figure 2) two identical cylinders 
are mounted on a single stand and connected to the 
system in such a manner that the turning of two valves 
changes operation from one cylinder to the other. In 
this way testing can be carried on without inter- 
ruption. 

The samplers. (See figure 2 for details of equipment.) 
In the aerosol cylinder system, air samples are taken 
simultaneously at three points; prior to the introduction 
of the chemical vapors into the system, at the inlet to 
the cylinders, and at the exit of the cylinder. This pro- 
cedure is repeated three times for a single test. To main- 
tain uniform operating conditions, equivalent amounts 
of air are withdrawn from the system when the samplers 
are not in use. The change-over to sampling is controlled 
by a single three-way valve. The samplers are 1.0 
L per min critical orifice liquid impingers, similar in 
principle, but different in design, from those used by 
Rosebury (1947). They consist of calibrated critical 
orifice tips formed by constricting the end of 0.25-inch 
interna] diameter soft glass tubing. The tubing is in- 
serted into a stopper fitted into a one-quart milk bottle 
containing 200 ml of sampling fluid. An outlet tube is 
also fitted into this stopper and is connected to the 
vacuum line, thus drawing the required sample through 
the fluid for the specified time of 5 min. An enriched 
sampling fluid is prepared as follows: brain-heart in- 
fusion, 16 g; gelatin (Pharmagel A)‘, 2 g; dibasic sodium 
phosphate anhydrous, 0.16 g; distilled, deionized water, 
to make one liter. With the enriched sampling fluid, 
approximately twice as many viable organisms have 
been found as when a plain gelatin fluid similar to that 
used by Rosebury (1947) was employed. After adding 


3’ The Nash Engineering Co., South Norwalk, Connecticut. 
* Pharmagel Corporation. 


one loopful of AF antifoaming emulsion® to each 200 ml 
in the milk bottles, the bottles are plugged and steri- 
lized. The impinger tips are sterilized separately and 
inserted immediately prior to use. 

Following sampling, 1.0 ml aliquots of the fluid are 
plated, either directly or 1:10, in triplicate. The plating 
medium consists of: tryptone glucose extract agar, 24 g; 
sodium chloride, 5 g; anhydrous dibasic sodium phos- 
phate, 2.5 g; deionized water, to make one liter. This 
medium promotes rapid growth so that colonies can be 
counted within 18 hours when incubated at 35 C. 

From the time-volume relationships, the concentra- 
tion of viable bacteria per liter of air in the aerosol 
system is calculated. To correct for evaporation losses 
the actual volume of fluid in the samplers is measured 
after sampling. 

Method of reporting results. Using the concentration of 
viable organisms at the inlet (in), and at the outlet 
(out) of the cylinder, the die-away value (k) is de- 
termined for the effect of the chemical vapors during the 
detention time in the cylinder (3.5 minutes). Thus: 


log in — log out 
3.9 

It should be noted that the k values so determined are 
for death alone, because the linear velocity through the 
aerosol system is great enough to maintain airborne all 
particles of the diluted standard aerosol (prepared by 
the method described in this paper). This is true for 
these particles, even though enlarged several times be- 
cause of condensation of chemical vapors. 

The value obtained from the sample taken just prior 
to the introduction of the chemical vapors constitutes a 
control or “blank” value. 

All data are reported in terms of per cent of those 
obtained with the reference standards under the same 
conditions of temperature and relative humidity. At 
20 C, triethylene glycol (representative of hygroscopic 
compounds) is the reference standard for 25 per cent 
relative humidity, and 2-ethylhexanediol-1,3 (repre- 
sentative of nonhygroscopic compounds) is the reference 
standard for 80 per cent relative humidity. 


k= 





RESULTS 


In order to carry out testing of candidate aerial dis- 
infectants, it is necessary to have a uniform and con- 
stant bacterial aerosol. The test culture, handled in the 
manner described, exhibited an average die-away in the 
aerosol cylinder of 0.030 (standard error of 0.0005 for 24 
samples) and 0.008 (standard error of 0.0003 for 12 
samples) under the standard conditions of 20 C, 25 and 
80 per cent relative humidity, respectively. The numeri- 
cal constancy of the bacterial aerosol is illustrated in 
figure 3. The effect of the siphon pump in maintaining 
this constancy is shown in table 1. The quality of re- 


5 Dow-Corning Corporation, Midland, Michigan. — 
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Fic. 3. Variation in the actual numbers of viable airborne 
organisms issuing from the prechamber during operation at 
20 C, 60 per cent relative humidity. Condition 1: Atomizer air 
supply regulated to +5 per cent; no siphon pump. Condition 2: 
Atomizer air supply regulated to +0.1 per cent; no siphon 
pump. Condition 3 (conditions used in final tests): As condition 
2; siphon pump added. The irregular response when operating 
under condition 1 was found to be due to fluctuation of large- 
scale use of compressed air. 


producibility over a period of several months is shown 
in table 2. 

The second point of major interest in a dynamic 
aerosol system concerns the characteristics of the 
chamber used for the detention of the aerosol, in this 
case the aerosol cylinder. The dynamic emptying char- 
acteristics of this cylinder are shown in figure 4. In this 
figure, the theoretical line represents the data which 
would have been obtained if the cylinder had exhibited 
the characteristics of a sphere. The variation from 
theoretical of the data obtained with water vapor and 
with the bacterial aerosol is as might be expected from 
the differences between the flow patterns through a 
cylinder and those in a sphere. 

The effectiveness of the samplers employed is of 
great importance in studies such as this. The com- 
parative effectiveness of several samplers is shown in 
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table 3. These studies were carried out in a 4-foo 
cubical chamber under conditions of dynamic operation, 

The results of detailed studies on a variety of differen 
compounds indicated that among compounds having 
vapor pressures lower than that of water, relative 
humidity has a profound modifying effect on thei 
ability as aerial disinfectants. It was found that these 
compounds can be grouped into two classes according 
to this effect; hygroscopic compounds, the effectiveness 
of which decreased with increasing relative humidity, 
and nonhygroscopic compounds, for which the reverse 
is true. Typical of these two classes are triethylene 
glycol and 2-ethylhexanediol-1,3. Representative in- 
formation for the killing powers of these chemicals js 
shown in figure 5. Although not studied in detail, it has 
been reported by others (Lester et al., 1949) that the 
killing power of triethylene glycol decreases markedly 
at relative humidities below 25 per cent. 

The results of a study of a group of hydroxy com- 
pounds are shown in table 4. It can be seen that no 
100 
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TIME IN MINUTES 
Fic. 4. The dynamic emptying characteristics of the aerosol 
chamber. The theoretical line is determined from the equation 


' — ft ‘ : 
for per cent residual = 100| e— ‘) where f is the air flow rate, 
y 


v is the volume of the cylinder, and ¢ is the time. 
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Fig. 5. The comparative effect of relative humidity on the 
aerial disinfection powers of hygroscopic and nonhygroscopic 
compounds. Triethylene glycol is representative of the former; 
2-ethylhexanediol-1,3 of the latter. 


single compound exhibits great effectiveness at both 25 
and 80 per cent relative humidity. 
Discussion 

The methods presented have proved a great aid in 
screening compounds as aerial disinfectants and in ex- 
pressing the results in a manner which can be related 
readily to results obtained by others. However, it 
should be pointed out that the evaluation of disinfecting 
powers is not the sole criterion of a successful aerial 
disinfectant. The questions of economy, toxicity to 
humans, ease of use, and many others, must be answered 
first. Here the situation is analogous to the testing of 
disinfectants by in vitro techniques. In both instances, 
there is little to be gained by judging the ultimate 
worth of a compound until its disinfectant qualities 
have been evaluated. It has been through such evalu- 
ations that much of our present knowledge of the 
mechanisms and structure-activity relationships has 
been gained. 

It must be realized that the physical implications in- 
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TABLE 1. Effect of the siphon pump on the numbers of organisms 
in the atomizer following six hours of operation 





Number of Cenmaien Fluid X 107 





Operating Conditions} Initial culture Atoeniaer atend | Culture reservoir 








of run at end of run 
| Fetal? Vishle Total* | Viable Total* | Viable 
pe ee ee sida) Neier | ES ese 
Pump off . ..| 190 97 348 152 204 | 100 
roe on. .., 200 86 200 83 212 | 82 








. Tot: - counts made i enume ieatines all cells in a Petroff- 
Hauser counting chamber. 
TABLE 2. Average numbers of viable airborne organisms 

collected from the entrance to the aerosol cylinder at 20 C, 

in the absence of chemical vapors 





Average Numbers* 


Per Cent Relative of Viable Organ- | Standard Error | Number of 
umidity isms Per Liter of Average Samples 
X 10-3 
25 810 24.5 43 
80 588 19.5 69 








” "© Corrected to a 100 x 107 per a pare count. The sig- 
nificant difference between the numbers collected at 25 and 
80 per cent relative humidity is presumably due to the initial 
survival of larger numbers when the rate of drying is very 
great. 


TaBLeE 3. Comparison of various samplers at 20 C and 60 per 
cent relative humidity. 





Relative Per Cent Recovery of Viable Organisms from Chamber 











Sieve samplers* 





] 
5 | 1.5 cfm 
1.0 L/min Green 1.5 cfm | 
critical oriuce |--—_—_—_—}_ ber Pe ch nozzle in | ——— - 
“ Ss ES ts *| G-S 
liquid impinger Single | eager mitht | G-S tube Food 
100 38 52 50 43 35 | 75 











* Operated at 1.0 cfm, with funnel adapters (Wells, 1955) 

+ Operated at 1.5 cfm. Impinger made by Corning Glass 
Works. 

t Operated at 0.3 cfm. Impinger made by Corning Glass 
Works. 

Plain gelatin fluid in all liquid samplers; nutrient agar in 
solid surface samplers. Averages of three determinations each 
in 4-foot cubical chamber. 


herent in an in vitro study and in an aerial study are 
radically different. Jn vitro studies involve an immediate 
contact between the bacteria and the environment into 
which the toxic material is placed. In aerial studies, 
the bacteria of interest normally are covered with non- 
living material of animal origin. This nonliving material 
composes the immediate environment of the bacteria, 
and the chemical dissolved in the air is in contact 
with this immediate environment, but not in direct 
contact with the bacteria. This is the situation existing 
for the bacterial particles in the standard bacterial 
aerosol prepared as described herein. One important 
result of this difference is the apparently excessive rates 
of kill obtained for various fractions of aerial saturation 
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TaBLE 4. Physical properties and killing powers of compounds 
tested as aerial disinfectants at 20 C, 25 and 80 per cent 
relative humidity (RH) 


Death-Rate | Relative 
kat Aerial | Effective- 
Solu- Saturation nesst 
. . . | Aerial bility 
Chemical Compound ecccrsitan| fi sn 
Water* | 25 per 80 per wd zo 
cent cent ee coe 
RH RH RH 
me/f® of | | 100 ¢ 
dry air ° ” 
2-Ethylhexanediol-1,3...) 2.55 4.0 0.01 0.30 | 3 100 
Triethylene glycol 0.25 | M-H 0.30 |0.01 100) 3 


Propylene glycol.. 
Diethylene glycol-mono- 


9.5 | M-H (0.25 (0.01 | 83 3 


M-N }0.% 


butyl ether.......... 5.5 2 0.7 | 67 |230 
Propanediol-1,3.. 6.5 | M-H 0.2 0.05 | 67 | 17 
Hexanediol-2,5.... 3.5 I-N (0.15 (0.4 | 50 |134 
2-Ethylhexanol........ 10 0.1 0.02 10.1 | 77 | 33 
Kthylene  glycol-mono- 

butyl ether......... | 140 M-N 10.1 (0.3 | 33 |100 
Hexanedione-2,5...... 76 | M-N (0.05 (0.7 17 (230 
Octanol-l...... 7 16 0.05 0.01 \0.2 3 | 67 
Ethylene glycol....... 6 M-H 0.1 0.05 | 33° 17 
Lactic acid...... | 0.55 | M-H | ca 1/0.2 [230 | 67 
Dimethyl! phthalate. 1.3 |0.5 (0.01 (0.06 | 3 | 20 
Diethyl phthalate. ... 0.9 0.01 0.04 3° 18 
Dibutyl phthalate. . 0.2 0.04 0.01 0.04 3 | 13 
Diethylene glycol-mono- 

ethyl ether.... 37 M-N |— (0.8 | — |270 
Thiodiglycol...... 1.9 |M-N 0.05 0.1 | 17 | 33 


* The symbols used in this column are as follows: M indi- 
cates miscible with water in all proportions; H indicates hygro- 
scopic; N indicates nonhygroscopic. 

+ Relative effectiveness is expressed as per cent of activity 
of reference compound; triethylene glycol being the reference 
compound at 25 per cent relative humidity, and 2-ethyl- 
hexanediol-1,3 at 80 per cent. 


compared to conjectured equivalent in vitro concentra- 
tions (Wells, 1955). Our own experiences have con- 
firmed this, but we find a regular pattern of response 
under these conditions. When completed, these findings 
will be offered for publication. The existence of a regular 
pattern of response to various fractions of aerial satura- 
tion constitutes a valid argument for the comparison of 
the relative effectiveness of aerial disinfectants at satu- 
ration concentration. It is suggested that the relative 
activity of a compound compared to that of a standard 
will be essentially the same, whether they are compared 
at saturation concentration or at some identical fraction 
of saturation. Saturation concentrations are preferable 
because they can be obtained with a minimum of 
equipment and effort. 

The existence of a primary environment around the 
airborne bacteria is undoubtedly responsible for the 
difference in effectiveness of hygroscopic and non- 
hygroscopic compounds at various relative humidities. 
In the test procedure described herein, the typical air- 
borne bacterial particle is composed of a single bac- 
terium surrounded by beef-extract solids. These solids 
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will hold a great deal more water at higher humidities 
than at lower humidities, and the net solubility in this 
material, for compounds having a vapor pressure less 
than that of water, will increase as the relative humidity 
increases. For nonhygroscopic compounds, the net 
result of increasing relative humidity is to increase the 
concentration of the compound in the airborne particle, 
with a resultant increase in killing power. On the other 
hand, the total water associated with a hygroscopic 
compound is determined by the humectant character- 
istics of the compound, that is, the greater the humidity, 
the greater the amount of water. The amount of 
hygroscopic compound in the airborne bacterial particle 
may increase as the relative humidity is increased, but 
the net concentration decreases, resulting in a de- 
creased killing power. It is this difference in response to 
relative humidity that necessitates the use of a dual 
standard of reference in the evaluation of aerial dis- 
infectants. 

The two compounds selected as the standards in this 
procedure are easily obtainable as pure chemicals of 
commerce. Triethylene glycol is recognized as an aerial 
disinfectant, and especially pure grades are available 
for this purpose. The compound 2-ethylhexanediol-1 ,3 
is used as an insect repellent, and pure grades are sold 
for this purpose. A point of more than passing interest 
is the fact that several classes of successful insect repel- 
lents have many desirable characteristics in common 
with successful aerial disinfectants. A recent insect 
repellent, 2-hydroxypropyleyclohexanol, has been re- 
ported to have aerial disinfectant properties equal to 
those of triethylene glycol (Grun, 1955). 

Although it is to be hoped that the compounds 
selected for standards in the evaluation of aerial dis- 
infectants will aid in the selection of other compounds 
more effective than the standards themselves, this does 
not detract from their usefulness as standards. The same 
argument applies to the test organism selected for these 
studies. S. marcescens strain ATCC 274 may not be the 
ideal test organism, but so much is known about the 
behavior of this strain that the use of a less well-known 
strain would necessitate a great deal of work. In any 
case, the test organism should be monitored at regular 
intervals under standard conditions in order to insure 
uniformity of response. The combination of standards 
of reference and uniformity of response of a standard 
test organism is required for the successful evaluation of 
aerial disinfectants on a uniform basis. 

The procedures and techniques presented for evalu- 
ating aerial disinfectants were developed as the result 
of some two years of thorough study, and have been 
tested carefully over a period of another two years. The 
system as presented has been found useful and valuable. 
The equipment required for these procedures is rela- 
tively inexpensive; even the smallest shop is equipped 
to produce the nonstandard items required. The great- 
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est expense that might be encountered is represented by 
the large vacuum pump required to operate the system 
across a critical orifice at 28.3 L per min. A smaller 
pump would be suitable if properly ballasted to main- 
tain a constant rate of flow through the system. 
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SUMMARY 


A method is presented for the evaluation of aerial 
disinfectants. This method, properly applied, is capable 
of yielding reproducible results expressed in a manner 
which can be applied universally. The equipment re- 
quired is relatively inexpensive and is fabricated from 
generally available materials. 

The modifying effect of relative humidity on the ac- 
tivity of aerial disinfectants is taken into consideration 
in this system, and compounds are offered as standards 
of reference in light of this effect. 


Methods are given for the production of a standard 
bacterial aerosol, as are the details of equipment for 
diluting this aerosol, mixing it with chemical vapors, 
and sampling the resultant mixture. 
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It is becoming increasingly apparent that marked 
variability abounds in a great many of the species of 
Streptomyces and, as a result of the indiscriminate 
granting of species status to numerous variants of 
already defined species, a needlessly complex taxo- 
nomic system has arisen. Burkholder and Sun (1954) 
have discussed criteria for speciation in Streptomyces 
and have stressed the need for a system of convenience 
in which a relatively few named species groups would 
be established. Hesseltine et al. (1954) emphasized the 
need for uniformity in methods of study and of re- 
porting data relative to taxonomic studies, while 
Jones (1954) pointed out the need for a better under- 
standing of the organisms themselves before progress 
can be made in comprehending variability in Strepto- 
myces. Backus et al. (1954), in their study of varia- 
bility in S. aureofaciens, and Duggar et al. (1954), 
studying the same organism as well as other species of 


Streptomyces, have made clear the necessity of examin- 
ing a large assemblage of related forms as a prereq- 
uisite to establishing species boundaries. Our con- 
tinuing interest in the fundamental problem of 
speciation in the genus Streptomyces prompted us to 
undertake the present study of variability in S. hy- 
groscopicus (Jensen) (Waksman and Henrici) in an at- 
tempt to delimit more clearly the species boundaries 
of this organism. 

While it is recognized that a majority of the cultures 
involved in this study are capable, under specific con- 
ditions, of elaborating one or more products which 
possess substantial and varied antimicrobial activity, 
it is beyond the province of this paper to discuss such 
products or activities. Furthermore, it is felt that 
neither the capacity of a culture to produce such 
products nor the nature of such products themselves 
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is of controlling significance in species differentiation 
in the case of S. hygroscopicus. 


EXPERIMENTAL METHODS 


A detailed study was made of 12 soil isolates which 
were selected as representative of the range of varia- 
bility found in an orginal group of several hundred 
isolates determined to be S. hygroscopicus. Compared 
with and supplementing these were four type strains of 
S. hygroscopicus (ATCC ¥10976, Baarn Strain, 
NRRL B-1503 and NRRL B-1346). Also included 
were type cultures of two other described species, 
namely S. endus Strain NRRL B-2339 (Gottlieb et al., 
1951) and S. platensis Strain NRRL B-2364 (Me- 


TaBLE 1. Media employed for cultural characterization 
of Streptomyces hygroscopicus strains 





Asparagine-dextrose meat extract agar (pH 6.5) 
Asparagine-dextrose meat extract agar (pH 5.0) 
Bennett’s agar 
Calcium malate agar 
Carrot plugs 
Cellulose (filter paper in Czapek’s solution) 
Corn Steep liquor agar 
Czapek’s-Dox agar 
£ 
Czapek’s-Dox mannitol agar 
£ 

Czapek’s-Dox starch agar 
Emerson’s agar 
Gelatin 
Krainsky’s dextrose agar 
Litmus milk 
Potato dextrose agar 

£ 
Potato plugs 
Sabouraud’s maltose agar 
Waksman’s glucose agar 
Waksman’s nutrient agar 
Waksman’s starch agar 
Yeast extract agar 











Streptomyces hygroscopicus ATCC #10976......... 
S. hygroscopicus Baarn Strain.... 
S. hygroscopicus NRRL B-1346 
S. hygroscopicus NRRL B-1503.. . 
S. endus NRRL B-2339........... 
S. platensis NRRL B-2364..... 

S. hygroscopicus A-9822.... 

S. hygroscopicus AA-214....... 

S. hygroscopicus AA-398...... 

S. hygroscopicus AB-623..... 

S. hygroscopicus AB-965. . 

S. hygroscopicus T-1961 

S. hygroscopicus T-3580 


ui 


| Asparagine-Dextrose 
+. eres eo Meat Extract 


+++ 
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Guire, 1954), both of which have been observed from 
time to time to exhibit all of the basic characteristics 
of the S. hygroscopicus group. 

Spore suspensions of each of the 18 selected strains 
were used to inoculate the 21 differential media (table 
1) which were used in the cultural and morphologic 
studies of the group; the agar media were streaked jn 
a cross-hatched fashion. After incubation for 14 days 
at 28 C, the cultural and morphologic features of each 
strain, together with certain physiologic reactions, 
were studied and recorded (tables 2 and 3). 

The pattern of utilization, by these strains, of 
carbon- and nitrogen-furnishing compounds was de- 
termined by methods adapted from those of Pridham 
and Gottlieb (1948). The various carbon and nitrogen 
sources employed, listed in tables 4 and 5 respectively, 
were sterilized by filtration. Each compound was 
added aseptically at the rate of 1 per cent to a sterile, 
melted, basal agar medium and dispensed into sterile 
screw-capped tubes and slanted. Aqueous suspensions 
of doubly washed spores from two-week-old agar 
slants were used to inoculate the tubes. 


RESULTS 


Through a critical study of all the selected strains 
on the various differential media, it was discovered 
that all of the cultures had certain fundamental char- 
acteristics in common. Most underlying of these are 
the following: (1) The sporiferous appendages arise as 
short side branches of main hyphae and _ generally 
terminate in tight spirals of two to many turns (figure 
1); frequently, there is also evident a tendency for 
clustering of the sporiferous structures. (2) On media 
which promote abundant sporulation, all strains 
studied were found to produce spores which were a 


TaBLE 2. Distribution of hygroscopic character as observed on a variety of agar media 
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from TABLE 3. Distribution of diffusible pigment as observed on various agar media 
istics Waksman’s Calcium Yeast Sabouraud’s Waksman’s Potato | Corn Steep 
Starch Malate Extract Maltose Glucose Dextrose | Liquor 
rains Streptomyces hygroscopicus NRRL B- } | 
table RUE Na eA tentsis ata es ptials .| Buff; light | Brownish; | Yellowish- | | 
logic light | brown; 
ad in | Hah | 
S. hygroscopicus NRRL B-1346......... Yellowish; | | 
days | light | | | 
each S. hygroscopicus ATCC #10976. . | Yellowish; | | 
ions, | light | | 
§. hygroscopicus Baarn Strain....... | 
of S. platensis NRRL B-2364. Yellowish; | Yellowish; | Yellowish- | Yellowish; | | Vinaceous; | Yellowish; 
7 light light brown; | light | | light | light 
de. light | | | 
ham S. endus NRRL B-2339 Brownish; | Yellowish; | | 
ogen | light | light | 
vely, S. hygroscopicus A-33.............. Yellowish; | Yellowish; | Yellowish; | Yellowish; | | Yellowish; 
was moderate | moderate | light | light | light 
, S. hygroscopicus A-9935............... Yellowish- 
rile, brown; 
erile | light | | 
sions S. hygroscopicus AA-214............ Yellowish; | Vinaceous; | Yellowish; | Vinaceous;| Brownish; 
agar light | abundant | light | light light 
S. hygroscopicus AA-398 | Vinaceous; 
| | light 
S. hygroscopicus AB-623 . Brownish; | Brownish; | Brownish; Brownish; 
light light | abundant | light 
rains S. hygroscopicus AB-965... Yellowish; Yellowish; | Yellowish; Yellowish; 
ered moderate | | abundant | moderate moderate 
S. hygroscopicus AC-365........ | Yellowish; | 
‘har- | moderate | 
, are S. hygroscopicus T-1961. Yellowish; | Yellowish; | Yellowish- | Yellowish- | Yellowish; Vinaceous; | Yellowish; 
se as moderate | light | brown; | brown; | moderate | light light 
rally moderate | abundant | 
s S. hygroscopicus T-3580............ Yellowish; | Yellowish; | Yellowish; | Yellowish- | Yellowish; Yellowish; | Brownish; 
gure moderate | abundant | abundant | brown; | moderate | light | moderate 
for abundant | 
edia : ‘ = 
‘ains 
al. TABLE 4. Variation in carbon source utilization TABLE 5. Variation in nitrogen source utilization 
by Streptomyces hygroscopicus strains by Streptomyces hygroscopicus strains 
— Number of Strains Number of Strains 
Positive Positive 
Negative Soa Negative 
8 Good Poor Good Poor | 
s Glycerol... 18 SEES oon oui a ens 18 
FH Mannose. . 17 1 ASHOTMIOVAOIES «ob cawasieconwecn: 18 
> D (+) Trehalose .. 17 1 MBN ROO o.55 6 rat cos ao 15 3 
PY Mannitol.. 16 2 CARING es 2 5 oso. cic Se Saraios 16 1 i 
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brownish-gray color en masse (Mouse Gray to Benzo 
Brown of Ridgway, 1912). (3) All strains studied de- 
veloped to some degree, on one or more media which 
promotes sporulation, the characteristic moist, glisten- 
ing, dark hygroscopic patches in the aerial mycelium 
which led to the designation of the species as S. hy- 
groscopicus. This latter featare, while not exclusively 
associated with this species, being present also in S. 
aureofaciens and others, is readily observable and 
serves as one of the chief aids in the initial recognition 
of possible members of this group. Turning now from 
the features which have been found to be relatively 
constant, let us consider the range of variation which 
has been evident in this group of cultures in regard to 
spore morphology, growth habits, pigment produc- 
tion, and certain other physiologic reactions on a 
variety of media. 

Spores were found to vary in shape from globose to 
elliptic to isodiametric cells with truncate ends. Spore 
sizes ranged for the most part from 0.6 to 1.2 uw in 
globose or isodiametric-truncate types to 0.6 to 0.9 
by 0.9 to 1.8 uw in elliptic types. Spores of some strains 
tend to adhere together in short chains, frequently 
still in the form of a partial spiral turn, when mounted 
in water, while those of other strains tend to break 
apart more readily. 

Growth of most strains on potato plugs Was vigorous, 
with sporulation in shades of Wouse Gray (Ridgway, 
1912); similar growth and sporulation was observed on 
carrot plugs, but more variability between strains 
occurred. 
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The ability of this group of organisms to decompose 
cellulose, as determined by growth on filter paper jn 
Czapek’s solution, was extremely variable. About 50 
per cent of the strains studied gave positive results, 
This variability was particularly evident in the type 
S. hygroscopicus strains. The Baarn culture collection 
strain showed good utilization, while the two NRRL 
strains gave intermediate reactions and the ATCC 
strain failed to give any positive response. 

Gelatin was liquified to some extent by all of the 
cultures studied, and completely by a majority of 
them. 

Behavior of both type cultures and soil isolates on 
litmus milk was so variable as to be of no possible 
value in species characterization. Considering the 
group as a whole, growth was fairly good and some 
degree of peptonization was evident in about 60 per 
cent of the strains studied. 

A further insight into the range of variability which 
the diverse strains of S. hygroscopicus may encompass 
is obtained by a consideration of the characteristics 
which they display on a group of agar media com- 
monly employed in studies of members of this genus. 
Among the features illustrative of such variation are: 
(1) the amount and nature of the substrate growth in- 
cluding color, marginal character, and general texture; 
(2) the amount of aerial mycelium and _ sporulation 
developed, its general nature and pattern of distribu- 
tion on the substrate thallus; (3) presence or absence 
of moist, black, hygroscopic areas and their distribu- 
tion on the colony; (4) presence or absence of diffusible 





Fig. 1. Sporiferous appendages of Streptomyces hygroscopicus 
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CHARACTERISTICS OF S. HYGROSCOPICUS 








Fig. 2. Cultural features of six type cultures plus two soil isolates on Waksman’s starch agar: (1) Streptomyces hygroscopicus 
ATCC #10976. (2) S. platensis NRRL B-2364. (3) S. hygroscopicus soil isolate A-33. (4) S. hygroscopicus NRRL B-1346. (5) S. hygro- 
scopicus Baarn strain. (6) S. endus NRRL B-2339. (7) S. hygroscopicus NRRL B-1503. (8) S. hygroscopicus soil isolate T-1961. 


pigments, including a consideration of the amount 
and color of such substance if present; (5) reverse 
color, a character associated largely with the color of 
the substrate growth but modified by the nature of 
the medium involved and the time of observation; 
and (6) presence or absence of exudates on the colony 
surfaces and the color of such exudates if present. 

The hygroscopic feature associated with S. hy- 
groscopicus is not developed constantly on all agar 
media, and the degree to which it is expressed on a 
particular medium also may vary somewhat from time 
to time. Table 2 shows the distribution pattern of the 
hygroscopic characteristic on various agar media as 
displayed by several cultures, both culture collection 
types, and soil isolates. It may be observed that 
some, such as S. hygroscopicus Strain NRRL B-1503, 
8. endus, S. platensis, and soil isolate Strain AA-214, 
display the feature on several media, whereas others, 
such as Strains A-9822, AB-623 and AA-398, show it 
only on a few. 

The production of diffusible pigment on agar media 
by the various strains of the S. hygroscopicus group is 
also a variable feature as is shown in table 3. Pigments 
ranged from shades of yellowish to brownish or vina- 
ceous. Certain soil isolates (Strains T-1961, T-3580), 
as well as the S. platensis type, produced pigment on 
many media; whereas other strains (S. hygroscopicus 
NRRL B-1346, ATCC 10976, Baarn Strain, A-9935, 
AA-398, and so on) either failed to produce it or pro- 
duced it only on a few media. 

An interesting picture of variation within the S. 
hygroscopicus complex can be obtained also by a com- 





parison of the gross cultural characteristics exhibited 
by different strains on various agar media. To illus- 
trate this, several strains were compared on three 
differential media: Waksman’s starch agar, Sa- 
bouraud’s maltose agar, and calcium malate agar. 

In figure 2, the growth habits and other cultural 
features of the six types plus two soil isolates are 
shown on Waksman’s starch agar. This medium is 
generally good for growth and sporulation of most 
strains of S. hygroscopicus; however, it does produce a 
differential response by some strains. The ATCC 
strain, the two soil isolates, and the S. platensis type 
show a somewhat restricted growth, while the other 
type strains of S. hygroscopicus and S. endus show a 
spreading habit. The cultures have been arranged in 
their approximate order of increasing sporulation and 
degree of hygroscopicness. Thus, it may be seen that 
the first three strains are lightly sporulating, with the 
hygroscopic character absent or poorly developed, 
while increasing sporulation and hygroscopicness is 
shown in the remaining cultures, becoming most 
pronounced in the last culture (soil isolate T-1961). 

The cultural responses of the six types plus two 
other soil isolates on Sabouraud’s maltose agar are 
shown in figure 3. This medium is excellent for growth 
of most strains of S. hygroscopicus; however, the 
NRRL B-1503 strain is an exception, with only thin 
growth and no sporulation produced. The remaining 
strains showed good to exceptional growth with sporu- 
lation moderate to sparse. Again the cultures have 
been arranged in their general order of increasing 
sporulation. In the NRRL B-1346 and ATCC strains 
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Fig. 3. Cultural responses of six type cultures plus two soil isolates on Sabouraud’s maltose agar: (1) Streptomyces hygroscopicus 
NRRL B-1503. (2) S. hygroscopicus NRRL B-1346. (3) S. hygroscopicus ATCC #10976. (4) S. platensis NRRL B-2364. (5) S. endus 
NRRL B-2339. (6) S. hygroscopicus soil isolate AB-623. (7) S. hygroscopicus soil isolate AB-965. (8) S. hygroscopicus Baarn strain 





Fig. 4. Cultural and physiologic reactions of six type cultures plus two soil isolates on calcium malate agar. (1) Streptomyces 
hygroscopicus NRRL B-1346. (2) S. hygroscopicus NRRL B-1503. (8) S. hygroscopicus seil isolate AB-623. (4) S. hygroscopicus Baarn 
strain. (5) S. endus NRRL B-2339. (6) S. platensis NRRL B-2364. (7) S. hygroscopicus ATCC #10976. (8) S. hygroscopicus soil isolate 


AB-965. 


of S. hygroscopicus, sporulation is very light although 
aerial mycelium is abundant. Sporulation increases in 
S. platensis, S. endus, and the soil isolates, and be- 
comes very abundant in the Baarn strain of S. hy- 
groscopicus. The hygroscopic character was poorly 


represented on Sabouraud’s agar and not apparent to | 


any degree except with the Baarn strain and _ soil 
isolate AB-965. 

On calcium malate agar, the S. hygroscopicus group 
showed considerable variation in the clearing of the 
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malate as is evidenced in figure 4,- ranging from almost 
none With the NRRL B-1346 strain of S. hygroscopicus 
to the large zone shown with the soil isolate AB-965. 
Various strains also differed quite remarkably on this 
medium in both growth habit and in sporulation. Most 
were restricted and with very sparse sporulation; 
however, the NRRL B-1503 and the Baarn strains of 
S. hygroscopicus were somewhat spreading and sporu- 
lated abundantly. The B-1503 strain was one of the 
few which developed the hygroscopic feature to any 
degree on this medium. 

Variability in the S. hygroscopicus complex is ex- 
emplified still further through a consideration of the 
carbon source utilization patterns exhibited by the 
group. In table 4, glycerol, mannose, p (+) trehalose, 
mannitol, and p (+) levulose are shown to be utilized 
readily by almost all strains; p (+) xylose was utilized 
by all, but poorly by over half the strains; raffinose by 
all except the NRRL B-15038 strain of S. hygroscopicus; 
sodium citrate by all except the NRRL B-1503 and 
the ATCC strains of S. hygroscopicus; and lactose by 
all except one soil isolate (Strain AB-623). Utiliza- 
tion of sucrose, sorbitol, p (—) arabinose, L-rhamnose, 
and erythritol was variable among the different 
strains, that is some strains utilized these sources well, 
while others only poorly or not at all. Inulin and 
sorbose were generally poor carbon sources, inulin 
being utilized by only S. endus and two soil isolates 
(AA-398 and A-9822), while sorbose was not utilized 
by any of the strains studied. 

A similar picture of strain variation is obtained 
from an examination of the nitrogen source utilization 
patterns in table 5. Alanine, aspartic acid, and his- 
tidine were utilized well by most strains; glutamine, 
glycine, arginine, and proline likewise were utilized 
well by most strains, but not at all by a few; valine, 
leucine, and phenyl-alanine were utilized well by 
many strains, but only poorly or not at all by others; 
urea, methionine, glutamic acid, and NaNO; offered 
even more variable utilization patterns, in that poor 
or non-utilization was the rule; the ultimate in this 
direction is shown with (NH4)o2PO,; and NaNO, in 
which the former was utilized by only four soil isolates 
and the latter by none of the strains. 


DISCUSSION 


We have attempted to point out the comparative 
degree of constancy with which the 18 cultures used in 
this study were observed to display the following three 
characteristics which we regard as fundamentally 
those of S. hygroscopicus: (1) Sporiferous hyphae 
terminating in tight spirals of a few to many turns, 
plus a clustering of such sporiferous structures along 
subtending hyphae; (2) the brownish-gray spore color 
(Mouse Gray to Benzo Brown of Ridgway, 1912) dis- 
played en masse by all strains on media which promote 
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abundant sporulation; and (3) the distinctive hy- 
groscopic character which all strains were observed to 
develop on some agar media. Other characteristics, 
such as spore size and shape, nature and color of sub- 
strate growth on agar media, presence or absence of 
soluble pigments, presence or absence of exudates, 
behavior on potato or carrot plugs, cellulose decom- 
position and so forth, were found to be so variable as 
to offer considerable difficulty in their use as species 
criteria. The two type cultures of S. endus and S. 
platensis were observed to fit the three characteristics 
set forth above, while showing no gre&ter variability 
in other characteristics than did the four S. hygro- 
scopicus types and the group of soil isolates studied. 
For this reason we again point out that these two de- 
scribed “species” are not sufficiently distinct from the 
S. hygroscopicus complex to merit separate species 
status. 
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SUMMARY 


A study was made of the range of variation in cer- 
tain cultural and physiologic characteristics as dis- 
played by Streptomyces hygroscopicus. The charac- 
teristics which were most constant in all strains studied 
were the brownish-gray (louse Gray to Benzo Brown 
of Ridgway, 1912) color of the spores en masse, the 
tightly wound coils of the spore-bearing hyphae, and 
the characteristic black hygroscopic areas which all 
strains developed to some degree on certain agar 
media. 

More variable were such features as color of sub- 
strate mycelium and colony reverse, presence or 
absence of diffusible pigments, ability to clear calcium 
malate agar, behavior on litmus milk, gelatin lique- 
faction, carbon and nitrogen source utilization and so 
forth. 

Studies made simultaneously with type cultures of 
Streptomyces endus and Streptomyces platensis revealed 
remarkable similarity to the general S. hygroscopicus 
group. This parallelism suggests that these two organ- 
isms might more appropriately be regarded as vari- 
ants of the S. hygroscopicus ‘“‘complex”’ than as sepa- 
rate species. 
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Several times during past years the attention of 
freezers of orange juice, both single-strength and con- 
centrate, has been called forcibly to the presence of 
coliform bacteria in their products. Consequently, 
workers in industry, university, and government 
laboratories have undertaken investigations on in- 
cidence, sources, and significance of the bacteria in 
frozen citrus products. 

Wolford and Berry (1948a) demonstrated that 
damaged or “soft rot’? oranges may be a source of 
coliform bacteria when they found that juices pro- 
duced from unsound fruit contained many times as 
many microorganisms, including coliforms, as did 
juices produced from apparently sound processing- 
grade fruit. These same investigators (1948b) found 
that coliform bacteria could be recovered from slime 
which accumulated on the surfaces of fruit-handling 
equipment, especially equipment which remained moist 
for extended periods. In more recent years improved 
sanitation of fruit-handling equipment in citrus plants 
has gone a long way toward eliminating slime deposits 
as potential sources of coliforms. 

Wolford (1950) demonstrated that Aerobacter, inter- 
mediates, and Escherichia coli could survive as long 
as 43 weeks in frozen single-strength orange juice 
stored at —10 F. Patrick (1953) found E. coli among 
a collection of over 100 cultures isolated from damaged 
oranges and from frozen concentrated orange juice. 
Patrick (1951) also investigated sources of coliforms 
in orange juice and found no coliforms on surfaces of, 


1 The author is now stationed in another laboratory of the 
same Branch in Puyallup, Washington. 


or’in juice from fruit sampled in groves; but he found 
these bacteria on scale insects, fruit flies, and damaged 
fruit. G. L. Hays, American Can Company, May- 
wood, Illinois (personal communication), however, 
found that EF. coli could be isolated from the surfaces of 
oranges when groves from which the fruit was sampled 
were watered by overhead irrigation with raw lake 
water. 

Investigations of sources of coliforms in frozen con- 
centrated orange juice produced in California have 
been made. The present paper covers one phase of 
these studies, that is, the incidence of coliform bac- 
teria on the surfaces of oranges sampled at various 
points in groves, packing houses, and _ processing 
plants. 


MATERIALS AND METHODS 


Collection of fruit. In this study, fruit was sampled 
from trees in the following manner: A sterilized paper 
bag was held under the orange and the fruit was 
clipped from the tree with sterilized clippers and al- 
lowed to fall into the bag. Fruit was sampled from 
three locations on the trees. These included inside the 
tree skirt within 3 feet above ground, outside the 
tree skirt within 3 feet above ground, and 6 feet or 
more above ground. 

At other sampling points, sterilized tongs were 
used to transfer fruit to sterilized paper bags. These 
points included field boxes in groves, unwashed fruit, 
washed fruit, and processing-grade fruit from packing 
houses. Samples at the products plants were taken 
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from unloading trucks, storage bins, washed fruit, and 
fruit as it entered the juice extractors. 

Bacteriologic analysis. Ten oranges were transferred 
with sterile tongs to a wide-mouth gallon-sized jar 
containing a liter of sterile tap water to which had 
been added 0.1 g of sodium thiosulfate and 0.1 ml of a 
nonionic detergent. The former was added to the 
water to remove traces of free chlorine while the 
detergent was added to improve its wetting power. 
Mter loading, the jar was closed and vigorously shaken 
for 30 seconds. Replicate 10-ml, 1-ml, and 0.1-ml 
aliquots of the rinse water were inoculated into boric 
acid broth. In many cases, similar aliquots were in- 
oculated in both boric acid and lactose broths in order 
that the two media could be compared for their effi- 
ciency as presumptive tests for the isolation of EF. coli 
(Wolford, 1954). Suitable dilutions of the rinsings were 
planted also on orange serum agar for total plate 
counts. Incubation of boric acid broth tubes was at 
43 C, lactose broth tubes at 35 C, and the plates at 
30 C. 

Material from tubes in which gas was produced in 
48 + 3 hours was streaked on Levine’s eosin methylene 
blue agar plates which were incubated for 24 hours at 
35 C. Typical coliform-type colonies and suspicious 
colony types were fished into lactose broth and 
streaked on nutrient agar slants for the completed 
coliform test. The isolates were differentiated into 
Aerobacter, intermediate, and F. coli strains with 
methyl red, Voges-Proskauer, and Koser’s citrate 
tests. The modification by Vaughn et al. (1948) of the 
V-P test was used, while the other tests were as pre- 
scribed in Standard Methods for the Examination of 
Water and Sewage (A.P.H.A., 1946). 

The results were recorded on the basis of the most 
probable number (MPN) per 100 em*. This was done 
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by calipering the oranges along their longitudinal and 
transverse poles and referring to Turrell’s tables 
(1946) to obtain areas of the fruit. The index per 100 
ml of rinsing was divided by one-tenth the surface 
area of the 10 fruits of the sample. At the time the 
fruit was calipered, observations were made also as to 
its condition, that is, number of splits, rots, scaly 
fruit, or other defects. 


RESULTS AND DISCUSSION 


The total number of fruit samples analyzed in the 
course of this study was 228. One hundred and five 
of these samples were found to be coliform positive. A 
sample was considered to be coliform positive if these 
bacteria were isolated at the rate of at least 1 per 50 
em?. Table 1 gives data showing the number of samples 
taken from groves, packing houses, and products 
plants, as well as the coliform-positive samples from 
each source. 

No correlation was found between plate counts 
and coliform indices although both coliforms and high 
plate counts were most frequently obtained from 
damaged soft fruit. A number of samples having total 
plate counts greater than 100,000 per cm? were nega- 
tive for coliforms. On the other hand, coliforms were 
isolated from several samples having plate counts of 
less than 10 per cm?. In several low-count, coliform- 
positive samples, coliforms made up as much as 2 
per cent of the total count. In other coliform-positive 
samples, there was less than one coliform per million 
total plate count. This lack of correlation existed 
whether samples were taken from groves, packing 
houses, or products plants. 

The single EZ. coli-positive grove sample was taken 
from inside the skirts of trees in a grove which had 
been fertilized with barnyard manure a few days 


TABLE 1. Plate counts and incidence of coliforms on surfaces of oranges sampled from groves to processing plants 





Plate Count/cm? on Orange Serum Agar, pH 5.4 


Coliform-Positive Samples 

















Sampling Points oct : chia| ae 
Low High Median Aerobacter one wae ti | _— : 
Groves | 
Low inside trees... . Peak eases cera 15 9 150,000 | 230 3 0 t | 4 
Low outside trees ie ee < 13 40 1,050 | 100 2 0 0 2 
High outside trees..................- 10 10 1,100 100 1 0 0 | 
NE RUMURM Ce 6 ors Sicsa ny dues aioe eel 6 21 1,800 | 203 2 0 0 2 
Packing houses | | | | 
Unwashed fruit ar Se ee 34 16 | 64,000 | 800. | 8 2° t | 11 
Washed fruits ee eee ea ane 34 1 2,800 | 26 5 0 2 | 7 
Processing-grade fruit..... Ret hatte 19 160 39,000,000 | 2,700 6 2 0 8 
Products plants | | 
Trucks Fy Ce ere 21 380 | 153,000 | 10,000 10 3 4 | 17 
OS ae hatch Be ort 37 300 39,000,000 | 31,000 22 3 5 | 30 
ME | a a or eee mas 28 2 48,000 | 300 11 3 5 | 19 
REMMIMNSENAN cL cas boc Reise g's 0< i005 - eS 11 5 | 30,000 650 2 0 3 | 5 
Total......... | | 72 13 21 | 106 
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before sampling. The oranges in this sample were 
growing less than 3 feet above ground and were pro- 
tected from direct sunlight. The <Aerobacter-positive 
fruits were distributed randomly on the trees and 
did not appear to be related to location or to the 
fertilizing schedule of the groves. Some of the oranges 
found to be positive for Aerobacter were taken from 
groves in which no organic fertilizer had been used 
for several years. With one exception, the plate counts 
of grove samples were low. This exception was an 
orange which had split while still on the tree and 
which had a plate count of 150,000 per cm? and an 
Aerobacter index of 3 per 100 em?. When E. coli was 
recovered from grove and packing house samples, it 
was at a low level of incidence. The one coli-positive 
grove sample had an index of 9 per 100 cm?*, while 
the coli-positives from packing houses had indices of 2, 
3, and 3 per 100 cm’, respectively. 

Eleven of the 17 E. coli-positive samples taken from 
products plants had indices of less than 10, the median 
index was 9, while 4 indices were greater than 100 per 
100 cm*. The highest index (greater than 240) was 
from a sample taken from a truck as it was unloading 
at the plant. A bin sample had an index of 120, while 
2 washed-fruit samples had indices of 120 and 240 per 
100 cm?, respectively. These samples contained split 
or otherwise damaged fruit. In fact, all washed-fruit 
samples from which coliforms were isolated either 
contained split fruit or were taken from plants where 
chlorine was not used in the wash water or in the rinse 
water. 

The coliform index of orange surfaces was found to 
vary considerably from sample to sample (table 2). 
Although positive samples were found in which the 
index was 100 or more per 100 em?*, most of the coli- 
form indices were much lower. The median values, the 
points at which the number of higher and lower in- 
dices are equal, were found to give more significant 
results than arithmetical averages. This may be 
illustrated by referring to the unwashed packing-house 


TABLE 2. Coliform indices of surfaces of oranges 
sampled from groves to processing plants 


Coliform Index 


, : ; Positive Cone eer) 
Sampling Points Samples 
Low High =. 
Groves.......... # 9 2 29 4 
Packing houses 
Unwashed fruit... 1] 2 S80 3 
eS” i 7 2 170 2 
Processing-grade fruit. . S 2 25 | 13 
Product plants 
i = 17 2 300 16 
MR ch os sx ; 30 Z 1,100 16 
Washed fruit... . 5 19 2 920 «16 
Extractors....... 5 2 11,000 15 
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samples. Only 1 of 11 positive samples had an index 
greater than 10; and, had averages been used, the 
figrre would have been 66 in a series of 11 samples 
having a median index point of 3. Most of the higher 
indices were mainly Aerobacter and these generally 
occurred when damaged fruit was present in the 
sample. This is not surprising when one considers that 
Stuart ef al. (1938) demonstrated Aerobacter-type 
organisms in rotting fruit tissue. 

Although there was an increase in the incidence of 
coliforms as the sampling points changed from groves 
to packing houses to products plants, the number of 
times the fruit is touched by workers does not appear 
to play an important part in this increase. Normally, 
oranges which reach the juice line in products plants 
of California will have been handled by two persons, 
the field hand who picks the fruit and the packing- 
house worker who sorts processing-grade fruit from 
the fresh-market. The latter person usually is supplied 
with clean cotton gloves while she works. It is after 
the processing-grade fruit is separated from the fresh- 
market fruit that the microflora of the oranges 
markedly increases. 

The greatest factor in this increase in microflora 
appears to be correlated with the rough handling of 
processing-grade fruit as it progresses from packing 
houses to extractors in products plants. Nedvidek 
(1948) indicated that the chief sources of fruit damage 
start at the packing house as the oranges enter the 
storage bins. Long drops from conveyor belts to the 
bottom of bins may damage a considerable proportion 
of the fruit, and the weight of stored fruit may be 
sufficient to crush or damage the fruit in the lower 
portion of the bin. Loading trucks from storage bins, 
transportation to products plants, and bin storage in 
the plant may cause further fruit damage. He found 
that crushed fruit may cover sound fruit with juice, 
which may serve as a medium for growth of micro- 
organisms. 

However, in recent years the citrus industry has 
made many improvements in fruit handling in pack- 
ing houses and processing plants. Most storage bins 
now are baffled to minimize crushing of oranges; 
adjustable chutes have been installed for transferring 
oranges from bins to trucks without excessive damage, 
and longer, more shallow truck bodies, also baffled to 
lessen damage, are now in use. Of equal importance 
are improvements in fruit inspection and_ sorting 
practices to eliminate damaged oranges. Several Cali- 
fornia plants have found their bacteriologic problems 
to be improved when flat-belt inspection tables were 
replaced with rolling-bed conveyors, which make it 
possible to see all sides of the orange as it passes the 
inspector. 

While the high coliform indices found in this study 
may seem excessive, there is little in the literature 
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with which to make comparisons. There appears to be 
no extensive literature on the numbers of coliform 
bacteria found on fruit surfaces. Patrick (1951) did 
not recover coliforms from fruit surfaces in his studies 
of Florida fruit in which 0.01 ml of fruit rinses were 
used as inocula. It is very unlikely that many coli- 
forms would have been obtained in the present study 
had such small volumes of rinse water been used as 
inocula. 

The fact that coliforms, including F. coli, were 
found on the surfaces of fruit delivered to the products 
plants shows that the presence of coliforms in orange 
juice does not indicate that unsanitary conditions 
exist in the plant. In no way was gross human con- 
tamination demonstrated. Rather, rough handling of 
the fruit and incomplete elimination of damaged 
fruit may be indicated. 


SUMMARY 


The incidence of coliform bacteria on the surfaces 
of oranges sampled from groves and from various 
points in packing houses and products plants has 
been determined. 

Coliforms were found on surfaces of fruit sampled 
from groves, although Aerobacter organisms were 
isolated in most cases. Escherichia coli was found on 
one fruit sample, and evidence pointed to use of or- 
ganic manure fertilizer around the trees as the possible 
source of contamination. 

Incidence of coliforms was more frequent on fruit 
which had been subjected to bruising during bulk 
handling. 

The presence of coliforms on processing-grade fruit 


as it arrived at products plants indicated that the 

presence of organisms in juice produced from this 

fruit is not positive evidence of unsanitary conditions 
in the plants. 
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Accurate and reliable methods for the quantitative 
measurement of the growth of pleuropneumonia-like 
organisms have never been developed. Studies on 
members of this group of organisms have advanced in 
recent years to the stage at which further develop- 
ments will be impeded by the lack of such methods, 
Generally techniques employed for rapid quantita- 
tion of bacterial growth, such as turbidity, packed 
cell volume, and dry weight, are unsuitable because 
of the small size and low cellular protein yields of 
these organisms. 

Estimations of the relative growth on solid media 
recorded as 4+, 3+, and so forth, or comparison of 
the relative amount of growth on a test plate with 
that on a control plate in which “optimal’’ growth 
occurred have been employed most frequently in the 
past. Holmes and Pirie (1932) attempted to relate the 
amount of growth with reduction time of methylene 
blue in the presence of lactate, and thereby construct 
a growth curve for the bovine pleuropneumonia or- 
ganisms. Keller and Morton (1954) depicted the 
futility of turbidimetric measurement of whole culture 
in constructing growth curves for human strains. These 
workers successfully estimated growth by the method 
of least probable numbers and by calculation of the 
numbers of organisms from average colony counts of 
100 microscopic fields. These two methods are time 
consuming and are not adaptable to routine use. 
Liebermeister (1954) assessed the suitability of media 
for cultivation of pleuropneumonia-like organisms by 
counting the number of colonies developing from 0.01 
ml of liquid culture spread over the surface of an agar 
plate. Mean colony diameters of randomly selected 
colonies were employed as a measure of growth and 
growth inhibition by Smith and Morton (1951, 1953). 

Measurement of cellular nitrogen as related to 
optical density of resting cell suspensions have been 
used to standardize preparations for metabolic studies 
(Lecce and Morton, 1954; Rodwell and Rodwell, 
1954). 

Although these methods are of value, none have 
been analyzed in regard to their accuracy and relia- 
bility. The purpose of this study was to develop and 

1 This work was supported in part by a contract (Nonr 


551(04)) between the Office of Naval Research and the Uni- 
versity of Pennsylvania. 
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assess all conceivable methods to ascertain which are 
most applicable for routine use. 


MATERIALS AND METHODS 


Strains 07 and 48 of human origin were employed 
as test organisms. These were selected because of 
their typical nature, and because they represent two 
different types in regard to their nutritional require- 
ments (Smith, 1955). The media employed were the 
broth described by Morton et al. (1951) supplemented 
with Difeo PPLO serum fraction (Smith and Morton, 
1951) and the synthetic medium reported by Smith 
(1955). Measurement of dose response in the crude 
medium was performed with the PPLO serum frac- 
tion as the required component; in the synthetic 
medium arginine was the required factor. Inocula were 
developed by seeding 10-ml amounts of the crude 
medium with agar blocks containing colonies and in- 
cubating 48 hours at 37 C. Standardized inocula were 
prepared by inoculation of 200-ml amounts of the 
crude medium with 10-ml broth cultures prepared as 
above followed by incubation for 48 hours. The broth 
culture was centrifuged under sterile conditions at 
12,000 rpm in the Servall angle centrifuge for 5 min- 
utes, the supernatant decanted, and the sedimented 
cells resuspended in 5 ml of physiologic saline. The 
turbidity of the suspension was determined in a Klett- 
Summerson photoelectric colorimeter and the number 
of viable cells determined from the curve shown in 
figure 5. The suspension was diluted to contain 10! 
organisms per ml. Additional description of prepara- 
tion of inoculum is given under results of each method. 

Acid production was assessed by titration with 
standard alkali or by measurement of pH change with 
a Beckman pH meter. Zones of growth were determined 
by the cup plate method of antibiotic assay, except that 
the essential nutrient was added to the cups and the 
diameters of the resulting areas of growth measured. 
Turbidimetric determinations were performed with a 
Klett-Summerson photoelectric colorimeter using a 
420-my filter. Colony diameters were measured with an 
ocular micrometer at 100X magnification. Colony 


counts were performed at 24 magnification. Assess- 
ment of growth on solid media always was aided by 
flooding the plate culture with a 1:20 dilution of Dienes’ 
stain for a few seconds. 
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RESULTS 

Acid production or change of pH. Ten-ml aliquots of 
broth containing concentrations of PPLO serum frac- 
tio varying from 0 to 2.0 per cent were inoculated with 
0.05 ml of a 48-hour-old broth culture and incubated 
48 hours. No titratable acidity was demonstrable. The 
cultures exhibited an alkaline reaction to phenol red. 
Titration with standard acid yielded results which were 
proportional to the level of protein present in the 
medium. No change of pH was noted during the course 
of growth. 

Zone of growth by the cup plate method. The entire 
surfaces of agar plates containing the unsupplemented 
crude medium were inoculated with agar blocks of 48- 
hour-old cultures. Varying levels of PPLO serum frac- 
tion were added to the metal cylinders employed for 
antibiotic testing. After 4 days’ incubation, the zone of 
growth was measured. A gradual increase of diameter 
of the zone of growth from 17 mm for the lowest concen- 
tration to 31 mm for the highest concentration was 
noted. The differences between varying levels of re- 
quired nutrient were not great enough to permit con- 
struction of accurate dose response curves. In addition, 
great difficulty was experienced in detecting the outer 
edge of the zones due to the increasingly smaller size of 
the colonies. 

Turbidimetric methods. Ten-ml cultures with varying 
levels of PPLO serum fraction, prepared as described 
for determination of change of pH, were employed to 
measure turbidity in both the Klett-Summerson 
photometer and the Beckman DU spectrophotometer. 
Photometric readings of tubes giving optimal growth 
did not exceed 5 or 10, which are insignificant. Difficulty 
was experienced blanking the uninoculated medium in 
the spectrophotometer at 280 my. Therefore no readings 
were obtained. 

It was surmised that turbidimetric measurements 
would be of value if cultures were concentrated, thereby 
increasing the density of cell suspensions. Cultures of 
30- and 50-ml volumes were grown in the presence of 
varying concentrations of the PPLO serum fraction. 
Tubes were inoculated either with a standardized saline 
suspension of 48-hour-old cells or with an aliquot of 
whole 48-hour broth culture. Following an incubation 
period usually of 4 days, the cultures were centrifuged 
at 13,000 rpm in a Servall angle centrifuge. The super- 
natant was decanted and the sedimented cells resus- 
pended in physiologic saline. Density of the suspensions 
was determined in both the colorimeter and the spectro- 
photometer. The latter offered no advantage over 
the colorimeter. 

Preliminary examination of the method gave notice 
of two possible sources of error. One is the loss of cells 
while decanting the supernatant. This can be minimized 
by taking care not to disturb the sediment which 
adheres to the wall of the centrifuge tube. The other 
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Fic. 1. Effect of centrifugal speed on sedimentation of cells. 
Strain 07. 


source of error is the fact that all of the cells are not 
sedimented by centrifugation. 

An experiment was designed to determine the per 
cent removal of cells at various centrifugal speeds. A 
10-ml sample of a pooled 600-ml culture was centri- 
fuged at various speeds in a Model L Spinco centrifuge. 
Following 5 minutes at a given speed, a 0.1-ml aliquot 
of the supernatant was removed for viable cell counting. 
The 5-minute intervals do not account for the time re- 
quired for acceleration and deceleration. Figure 1 shows 
the effect of the speed of centrifugation on the numbers 
of viable organisms remaining in the supernatant. Very 
few cells are removed at 5,000 rpm. A logarithmic de- 
crease of cells in the supernatant occurs between 5,000 
and 20,000 rpm. Increasing the speed to 40,000 rpm 
has little effect. Apparently a fraction of the cells 
(about 0.01 per cent) are small enough to resist sedi- 
mentation at this speed or unavoidable movements 
resuspend some organisms. In general, sedimentation 
in the Servall at 13,000 rpm for 5 minutes permitted 
recoveries of about 90 per cent of the cells. Resuspension 
and resedimentation resulted in 95 to 99 per cent re- 
coveries, dependant upon the turbidity of the suspen- 
sion. Usually 108 cells per ml remained in the 
supernatant. 

Figure 2 shows the typical dose response curve to 
PPLO serum fraction by measurement of turbidities of 
concentrated cultures. The use of whole culture or re- 
suspended cells as inoculum had little effect on the 





256 PAUL F. SMITH 








70 ra 

















KLETT READING 


20 



































os Lo 20 30 
% PPLO SERUM FRACTION 
Fic. 2. Dose response to PPLO serum fraction measured by 
turbidity of concentrated cultures. Strain 07. Four days’ in- 
cubation. 


resulting turbidities when the number of organisms 
added was relatively constant. Thus, a 5 per cent 
inoculum of a 48-hour-old whole culture (equivalent 
to 1.5 X 10° cells) or 10° cells suspended in 0.1-ml saline 
inoculated into 30-ml medium gave the same result. 
Increase in size of inoculum tended to flatten the dose 
response curve unless the incubation time was short- 
ened. The use of 50-ml cultures offered no significant 
advantage over 30-ml cultures. Variation between 
turbidity readings of duplicate or triplicate tubes was 
not significant. Replicate curves prepared on different 
occasions were equivalent. Variation between turbidity 
readings can be extensive if great care is not taken to 
prevent loss of sedimented cells. 

Measurement of mean colony diameters. Agar plates 
containing PPLO serum fraction at levels varying 
from 0 to 3.0 per cent were inoculated with 0.05 ml of a 
10‘ dilution of a 48-hour-old broth culture. The inocu- 
lum was spread over the agar surface with a bent glass 
rod and the plates incubated for 4 days at 37 C. The 
diameters of 10 and 25 random eolonies were measured 
on each plate and were recorded as units on the ocular 
micrometer scale. The conversion factor is equal to 
13.2 w per unit. 

No significant difference was found between the 
average diameters of 10 and 25 colonies. Analysis of 
variance in both*cases yielded a probability of 0.001 
that the variation of the diameter of colonies measured 
for a given concentration of essential nutrient was equal 
to the variation of the colony diameters among the 
different doses of nutrient. Dilution of the inoculum in 
broth, saline, or water had no effect on the shape or 
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magnitude of the dose response curve. Increased incuba- 
tion time up to 6 days increased the magnitude of the 
curve. However, the shape of the curve became atypical 
of dose response curves after 4 days’ incubation. Age 
of the inoculum up to 6 days was without effect, pro- 
vided the dilution of the cultures was adequate to 
prevent crowding of the colonies on the plates. A 10? 
dilution of a 24-hour-old broth culture was adequate, 
while a 104 dilution of cultures over 24 hours old was 
required. Maintenance of a 1.3 per cent agar concentra- 
tion and addition of equal volumes of the essential 
nutrient eliminated the limiting effect of agar on 
colony size. 

Measurement of mean colony diameters on plates 
inoculated with 104 dilution of a 48-hour-old broth cul- 
ture and incubated 4 days yielded comparable results 
on repetition. The straight line regression coefficients 
for seven replicate curves approached 1.0 in all in- 
stances. This is indicative of a positive correlation 
between dose of nutrient and colony size. Employing 
the t-test (Snedecor, 1940) the probability that the 
deviation between any two replicate curves is significant 
is less than 10 per cent. A typical dose response curve 
employing mean diameters as a measure of growth is 
shown in figure 3. 

Viable cell count. Viable cell counts were made by 
counting the number of colonies appearing on plates of 
crude solid medium following inoculation with aliquots 
of appropriate broth dilutions of cultures or saline sus- 
pensions of the organisms. Exactly 0.01-ml aliquots 
were plated in duplicate without spreading. This volume 
covered an area on the plate which was almost com- 
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Fic. 3. Dose response to PPLO serum fraction measured 
by increase in mean colony diameters on solid medium. Strain 
07. Four days 
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pletely visible in one microscopic field at 24 magni- 
fication. Since the colonies are distinctly visible only 
upon magnification, counting over this small area 
reduces the error which occurs when it is necessary to 
observe more than one field. Furthermore, the possi- 
bility that some organisms would be removed by 
adhering to a glass spreader was avoided. Following 
incubation in upright position for 4 days at 37 C, 
plates were flooded with dilute Dienes’ stain and 
counts performed. 

A preliminary analysis was made of the variability 
of the counts between aliquots of the same dilution and 
of the average total viable cell counts between different 
dilutions. Variation was found to be small. For ex- 
ample, on plates on which the mean colony count was 
32.1, the 95 per cent confidence limits were 27.0 and 
37.2; on plates with a mean colony count of 2.4, the 
confidence limits were 1.4 and 3.4. There was no statis- 
tically significant difference between replicate tests 
performed on different days. 

Measurement of dose response by the viable cell 
eount method was carried out by inoculating 10-ml 
aliquots of broth, supplemented with varying levels of 
PPLO serum fraction, with 0.1 ml of a standard inocu- 
lum containing 10° organisms per ml. Following an 
incubation period of 4 days, appropriate dilutions 
(104, 105, or 10°) were plated as above. Figure 4+ shows 
the typical dose response curve. Replication of the 
curves employing the same lot of serum fraction was 
possible. Incubation of the broth tubes for 3 and 4 days 
did not affect the magnitude of the curve. Extension of 
the incubation period to 6 days resulted in a 1- to 2-log 
drop in viable cell counts. Decrease of the inoculum 
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Fic. 4. Dose response to PPLO serum fraction measured 
by viable cell counts. Strain 07. Four days’ incubation. 
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Fig. 5. Relationship of turbidity to viable cell count. 
Strain 07. 


size below 10° organisms per 10 ml of medium neces- 


sitated lengthening the incubation time. Increase of 
inoculum size above 10° organisms tended to flatten 
the dose response curve. Since 48-hour-old broth cul- 
tures contain about 10° organisms per ml, it is possible 
to employ a 5 per cent inoculum of whole 48-hour 
culture instead of cells resuspended in saline for studies 
in the crude medium. No difference was noted in the 
dose response to PPLO serum fraction when either 
inoculum was used. 

Relationship between turbidity and numbers of viable 
cells. Turbidity is the usual measurement employed 
when resting cell suspensions are prepared. Cellular 
nitrogen has been related to turbidity of suspensions of 
pleuropneumonia-like organisms by Lecce and Morton 
(1954). It would be advantageous to correlate turbidity 
measurements to numbers of viable cells in order to 
gain some knowledge of the activities of individual 
cells. 

Employing the method outlined for determination of 
dose response by colony counts with the exception that 
higher dilutions were made for plating, viable cell 
counts were performed on suspensions of cells with 
different turbidity measurements. Cell suspensions 
were prepared by sedimentation in the Servall angle 
centrifuge at 13,000 rpm and resuspension in physiologic 
saline. Figure 5 shows the resulting straight line rela- 
tionship when the log of the numbers of organisms is 
plotted against turbidity measurements. The upper 
curve shows the relationship for 4-day-old cultures while 
the lower curve is representative of 6-day-old cultures. 
Although turbidity of cultures increases with incubation 
time, viability decreases after 4 days at 37 C. It is 
evident from the slope of the curve that a great increase 
in turbidity is not attended by a great increase in 
numbers of viable cells. In addition, readings of 30 
to 50 in the photometer represent the usual yields of 
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Fig. 6. Relationship of turbidity to dry cell weight. Strain 
07. Four-day-old cells. 


viable cells when optimal growth is obtained. This 
fact alone can account for the uselessness of turbidity 
of unconcentrated cultures as a measure of growth. 

Relationship between turbidity and dry weight. Analyti- 
cal determinations on microorganisms usually are 
recorded in per cent of dry weight. Therefore, it seemed 
desirable to relate the usual turbidimetric measure- 
ments to dry weight. Saline-washed cell suspensions of 
different turbidimetric readings were centrifuged at 
13,000 rpm, the supernatant decanted, and the sedi- 
mented cells in celluloid tubes placed over calcium 
chloride under vacuum until constant weights were 
obtained. The dried cells were removed and the tubes 
tared. Figure 6 shows the resulting relationship between 
turbidity and dry weight of cells per ml of suspension. 

Experiments with the synthetic medium. Application of 
the methods found suitable for measurement of dose 
response to PPLO serum fraction in the crude medium 
to the growth response to some other required nutrient 
in the synthetic medium was desirable. Arginine was 
selected as the assay material because it is an absolute 
requirement for growth. 

Turbidity measurements of concentrated cultures 
were found not to be applicable to the measurement of 
dose response to arginine since growth is suboptimal. 
However, measurement of mean colony diameters and 
of viable cells yielded a quantitative measure of the 
growth response to arginine. The latter method was 
more reliable since colony diameters are small due to 
the suboptimal nutritional environment of the syn- 
thetic medium. All 3 methods were found to be ap- 
plicable to measurement of the factor or factors in 
Bacto-peptone which are required for the growth of 
certain strains. 


DIscussIoN 
Three methods for assessment of growth of pleuro- 
pneumonia-like organisms have been demonstrated to 
be applicable for measuring dose response. These 
methods are measurements of turbidities of concen- 
trated cultures, of colony diameters, and of the numbers 
of viable cells by colony counts. 
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Quantitation of the numbers of viable cells by colony 
counts is applicable to studies on growth, growth 
inhibition, and stability of the organisms under various 
conditions. The use of these methods for assessment of 
growth should permit a more quantitative approach to 
the study of this group of microorganisms. 

Extreme variation in growth response to different 
lots of Bacto PPLO serum fraction was noted. The 
use of lots of the fraction comparable to the preparation 
originally described by Smith and Morton (1951) per- 
mitted optimal yields of about 10° organisms per ml 
when added at the level of 1 per cent. Increasingly 
lower optimal yields were obtained with other lots, 
In most instances this variation in ability to promote 
growth was related to the protein concentration of the 
serum fraction. 

The use of the pleuropneumonia group of organisms 
for the detection and assay of new growth factors has 
not been attempted widely because of the lack of suit- 
able methods for quantitation of growth. The demon- 
strated methods should alleviate this condition to some 
extent. Although the methods are more cumbersome to 
employ than the routine methods for assay of bacterial 
growth, the potential of discovering new growth factors 
by studies on the nutrition of this group of organisms 
should not be overlooked. The vast majority of strains 
are unable to multiply on presently developed synthetic 
media unless supplemented with crude components. 


SUMMARY 


Three methods useful for the quantitation of growth 
of pleuropneumonia-like organisms are described. 
These are measurement of turbidities of concentrated 
cultures, of colony diameters, and of number of viable 
cells by colony counting. The accuracy and statistical 
significance of these methods are demonstrated. The 
methods are applicable to quantitation of dose response. 
Measurement of acid production, of turbidities of un- 
concentrated cultures, and of zone growth by the cup 
plate method are of no value for assessment of growth. 
The relationship between turbidities of cell suspensions 
and viable count or dry cell weight is discussed. 
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In commercial pickling, the cucumbers are packed 
in salt brines to be held until later when they are re- 
freshed and converted to pickles of the desired type. In 
the brine, an active lactic acid fermentation occurs. 
Greater knowledge of the bacterial and chemical 
changes occurring during fermentation and curing may 
offer information to aid in preventing undesirable 
changes. 

Until recently little attention has been given to the 
systematic study of changes in flora occurring during 
the active fermentation. Numerous studies indicated 
that several species of bacteria were involved; Fabian, 
et al. (1932), Henneberg (1926), Wiistenfeld and Kreipe 
(1933), Vahlteich e¢ al. (1935), Fabian and Wickerham 
(1935), Etchells and Jones (1946), Pederson and Ward 
(1949), Pederson and Albury (1950, 1953), and 
Costilow et al. (1956). Fabian and Wickerham (1935) 
have indicated and Pederson et al. (1949, 1950, 1953) 
have demonstrated that there occurs, under certain 
conditions, a sequence of growth of the several bac- 
terial species similar to that of the kraut fermentation. 
These laboratory-scale studies on pickles were con- 
ducted in small containers. Since losses due to softening, 
bloating, and discoloration are so serious at times, it 
seemed advisable to conduct the present study in 
larger or semi-commercial containers. 


MATERIALS AND METHODS 


The methods used were based upon those used in 
previous studies of cucumber fermentations. The 
method of determining the course of fermentation, the 
isolation and identification of cultures, and chemical 
analyses were similar to those used in} previous studies 

1 Accepted by the Director of the New York State Agri- 
cultural Experiment Station as Journal Paper No. 1007. 


(Pederson et al.; 1949, 1950, 1953). At intervals during 
fermentation, brine samples were withdrawn for bac- 
teriologic analysis and determination of acidity, hydro- 
gen ion concentration, and salt content. These samples 
were obtained at more frequent intervals during the 
early active stages of fermentation than during the 
later stages. The brine samples were plated at ap- 
propriate dilutions. After incubation and counting of 
plates, 20 representative colonies per plating were 
selected for isolation and identification. From the 
identification of the 20 isolates from each plating and 
the total bacterial count for that plating, the total 
brine count of the individual species for each interval 
was estimated. A quantitative estimation of the ef- 
fectivity of the various species was obtained from these 
results and chemical analysis. 

Although this study primarily involved normal 
fermentation in low salt concentration brines, some 
pure culture inoculation studies were made to demon- 
strate the comparative effects of individual species. For 
pure culture inoculation studies, 1 per cent by volume 
of a 24- to 48-hour glucose broth culture of the desired 
organism was added to the brine. An equivalent amount 
of sterile broth was added to the uninoculated control. 

The cucumbers were packed in 45-gallon barrels with 
sufficient brine so that the cover was immersed. The con- 
centration of salt was calculated to give the desired per- 
centage on the basis of the combined weights of cucum- 
bers and brine. In three series, barrel no. 1 to 4, 5 to 8, 
and 9 to 12, 3.5 to 3.75 per cent salt, and in a fourth 
series, barrel no. 15 to 19, 2.5 to 2.7 per cent salt was 
used. The salt concentration was increased at weekly 
intervals beginning about 2 to 3 weeks after packing 
until 14 to 16 per cent salt was present. 

In previous studies medium-sized cucumbers were 





used, but, since larger cucumbers would emphasize 
differences due to methods, the largest cucumbers avail- 
able, usually 2 inches or more in diameter, were used 
in these studies. Some of these were of such maturity 
that they showed a yellow cast and had well developed 
seeds. In some a marked separation of locules had 
occurred. For each series one lot of cucumbers was used. 

The barrels were covered with heads fitted 6 inches 
from the tops. Several holes in the head permitted free 
exchange between the brine on top of the cover and that 
below. Stainless steel tubes were inserted through one 
of these holes, extending to the center of the barrels. 
Through these tubes, samples for analysis were ob- 
tained. A plastic cover filled with salt brine was placed 
on each barrel, lying flat on the surface of the cucumber 
brine, thereby preventing exposure of the brine to 
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[von 4 


949 of which were isolated from the 4 uninoculated 
barrels. Various aerobic bacteria, although isolated 
from the first platings from each barrel, seldom were 
present after this plating. Yeasts were isolated oe. 
casionally from platings during final stages of fermenta- 
tion. The 949 cultures isolated from the uninoculated 
barrels were identified as follows: 62 strains of 
Leuconostoc mesenteroides, 18 strains of Streptococcus 


faecalis, 257 strains of Pediococcus cerevisiae, 189 strains 


of Lactobacillus brevis, and 423 strains of Lactobacillus 
plantarum (table 1). The lowest acid producers, the 
leuconostoc and streptococci, appeared early, if at all, 
in each fermentation. They were followed by the next 
higher acid producers, the pediococci and heterofermen- 
tative lactobacilli, which in turn were followed by the 
homofermentative lactobacilli. 


the air. In the uninoculated control barrels, no. 1, 8, 12 and 
17, instead of a well standardized sequence of the 
various species where each appeared to exert a definite 
role in development of acid, marked differences were 
observed among the four fermentations. To illustrate 


LESULTS 
From the four experimental series in this study, 
3,419 lactic acid cultures were isolated and identified, 


TABLE 1. The final chemical analysis of cucumber brines and the numbers of lactic acid bacteria isolated during fermentation 











Lactic Acid Bacteria Population as Numbers and Per Cents of Total 


oe as ad Lactic Isolates 
— mony Inoculum oo: pH of Leuconostoc Streptococcus Pediococcus Lactobacillus Lactobacillus 
re ture Brine Volatile/ | mesenteroides faecalis cerevisiae brevis plantarum 
at Total Volatile — - eg : ial ik 8 Gana es 
Weeks one | ly vised No. sed No. vid No. pial No. on 
9/3/53 F q % 
1 None 65 3.28 0.67 | 0.054 0.087 11 } 0 0 | 155 57 57 21 47 17 
3 Leuconostoc mesen- 3.28 0.67 | 0.052 0.084 25 f) 0 0 62 24 1S 6 156-60 
teroides 
4 Lactobacillus brevis | 3.39 | 0.63 | 0.094 | 0.174 | 17 6 0 0; 96 | 35 72 =| 26 82 | 31 
2 Lactobacillus plan- <4 0.50 | 0.034 0.072 0 0 1 0 7 2 9 3 | 254 | 94 
tarum 
8/27/53 
8 None 74 3.28 0.70 | 0.053 0.086 25 11 3 1 Sl 37 6 3 105 48 
6 Leuconostoc mesen- 3.25 | 0.56 | 0.088 | 0.076 - - - - - - - - |— 
teroides 
5 Lactobacillus brevis 3.30 0.57 0.063 0.133 : . : - — 
7 Lactobacillus plan- 3.22 | 0.64 0.082 0.055 = - = - = 
tarum 
9/10/53 
12 None 60 3.45 | 0.46 0.066 0.168 | 13 6 0 0; 21 9 99 44 90 | 40 
10 Leuconostoc mesen- 3.38 0.55 0.064 0.131 23 1] 0 0 52 24 58 2 80 37 
teroides 
9 Lactobacillus brevis 3.39 | 0.63 0.099 0.187 0 0 0 0 44 19 64 | 28 | 124 | 88 
1] Lactobacillus plan- 3.32 | 0.50 | 0.034 | 0.072 0 0 0 0 10 5 12 5 | 191 | 90 
tarum 
9/2/55 
17 None 68 | 3.18 | 0.59 | 0.038 | 0.071| 13 | 5 (15 | 6, O | O| 27 | | 181 | 77 
18 Leuconostoc mesen- 3.17 | 0.60 0.056 0.108 | 116 45 1 0 9 3 62 | 24 72 | 28 
teroides 
15 Lactobacillus brevis 3.12 0.59 0.055 0.107 11 4 1 0 15 6 108 43 115 46 
16 Lactobacillus plan- 3.12 0.54 0.028 0.056 0 0 0 0 0 0 12 5 237 95 
tarum 
19* Pediococcus cere- 3.52 0.24 0.031 0.165 } 1 PA 1) 13 49 21 Ss 102 40 
visiae 


* Barrel leaked. Additional brine added frequently. 
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TABLE 2. The development of acid and change in bacterial flora in cucumber pickle barrel no. 1 





Estimated Number of Each Type (100,000 per ml) 











Time Temperature _— Total Acid pH Total Plate Count ——— 
Aerobic Leuconostoc Lactobacil- Pediococcus | Lactobacillus Yeast 
species | mesenteroides lus brevis cerevisiae plantarum 
- days F / 100,000 per ml 
1 78 0.03 5.82 5.2 5 0.2 — — — ad 
2 79 0.11 4.32 462 — 231 — 185 46 — 
3 68 0.24 3.83 1880 — — — 1880 — = 
4 68 0.32 3.82 2180 - — — 2180 — — 
5 65 0.34 3.79 1890 — —_ 94 1598 198 = 
6 66 0.36 3.79 1880 — — _ 1598 282 — 
7 61 0.48 3.78 1540 — — - 1540 — = 
8 62 0.50 3.43 482 — _ 48 434 — meet 
11 56 0.54 3.70 71 3 _ 35 29 4 — 
13 56 0.63 3.65 700 — — 210 140 350 =a 
15 52 0.60 3.67 810 -— — 425 = 385 = 
18 63 0.67 3.66 607 — — 192 32 383 = 
25 59 0.74 3.41 990 50 —_ 148 495 297 — 
32 5S 0.78 3.45 2 — 34 4 — 2 





one such fermentation and serve as a point of discus- 
sion, the changes in acid and bacterial flora that oc- 
curred in barrel no. 1 are presented in table 2. The 
development of acidity and changes in pH typify the 
usual fermentation in that 0.24 per cent acid with a pH 
change below 4.00 was observed in 3 days. Only 11 
cultures of leuconostoc were isolated, and the fermenta- 
tion was dominated to a marked degree by the activity 
of the pediococci. In fact, this domination by the pedio- 
cocci, representing 57 per cent of the total isolations, 
was so marked that Lactobacillus plantarum did not 
develop until late in the fermentation. The activity of 
the homofermentatives is reflected further by the 
relatively low quantity of volatile acid produced, 
0.054 per cent. 

In contrast to the early dominance of pediococci in 
barrel no. 1, no pediococci were isolated from no. 17, 
and 77 per cent of the strains were identified as Lacto- 
bacillus plantarum. Only 11 per cent of the strains 
were Lactobacillus brevis. Thus, again, primarily a homo- 
fermentation occurred where only 0.038 per cent volatile 
acid was produced. 

The other twofermentations showed marked contrasts 
to these and to each other. No. 8 showed the greatest 
activity of Leuconostoc mesenteroides in the early stages, 
followed by the pediococci, 37 per cent of the isolates, 
and subsequently by Lactobacillus plantarum, 48 per 
cent of isolates. 

No. 12 showed the greatest activity of the hetero- 
fermenters, 6 per cent of the isolates were Leuconostoc 
mesenteroides and 44 per cent were Lactobacillus brevis. 
A low final acidity and high pH with a relatively high 
acetic to lactic ratio of 0.168 resulted. This fermentation 
vielded 92.5 per cent excellent stock. This fermentation 
was featured by the high count of the heterofermenters, 
just as no. 1 was featured by the high count of the 


pediococci, and no. 17 by the high count of Lactobacil- 
lus plantarum with absence of pediococci. 

In each fermentation there occurred an initial rise in 
bacterial count with subsequent decline, as shown in 
table 2, so that at the end of one month very few lactics 
were isolated. Although a few yeasts usually were ob- 
tained on platings after this period, since the counts 
were so low, the actual numbers of yeasts are corre- 
spondingly low. 

Similarly in each case, the rise in acidity and drop in 
pH follow the rise in numbers of organisms so that 
maximum brine acidities, as high as 0.78 per cent for 
no. 1, 0.82 for no. 8, 0.67 for no. 12 and 0.75 for no. 17, 
were attained. These brine acidities were gradually 
reduced as equilibrium between cucumber and brine 
was attained. At the same time a drop in pH occurred. 
A marked drop in pH occurred between the 32nd day 
and the 180th day, occasioned by the greatly increased 
salt concentration. In barrel no. 1 this pH drop was 
greatest, from 3.45 to 3.28, but the drop always oc- 
curred following the increase in salt concentration as 
would be expected. 

It may be seen that the four fermentations carried 
out under similar conditions differed greatly as to the 
dominance of the various lactic acid-producing species. 
It is difficult to determine whether these differences 
were due to chance inoculation, temperature difference, 
or other factors. 

In addition to these lots, barrels in each series were 
inoculated with pure cultures of lactic acid bacteria 
in order to determine the specific effect of the individual 
species upon the end product. The inoculum in each 
case influenced the flora and, consequently, the result- 
ing chemical changes (table 1). This was noticeable in 
the effect upon volatile acid, pH, and the relation of 
pH to total acid. 

The brines inoculated with Lactobacillus brevis in 





262 CARL 8. PEDERSON AND MARGARET N. ALBURY 

















[vou 4 
¥ | - — tT s i] sa qT i] ” .° 4 tT i] | i 1 
BL 6.0 
ra) ban 
O / * a 
. 2 An 
3 Lh a 4 
8) / a “! re) 
_ ACID *11 ow 2-1-0 - 
O 6L awn +50 < 
 ¢ = 7 ‘ fag 
:— - 2 Fo % E 
er we N 
2: Pall 0” ACID *9 ‘s 0 
4 ge Zz 
a I} 
ae. 4140 Y 
2) pH *9 Z 
O e) 
© 3 nf 
™ Zz 
Z se r 
UO 2L My Yo 43.0 .e) 
I : 
ag 
uJ / a 
_ re 
in 
i 
¥ ay a — Se a a a 


4 N 
“ 6 8 10 l2 


TIME 


= | rn 
14 16 18 25 32 53 180 
IN DAYS 





Fic. 1. Showing relative changes in total acid and pH in brine in barrels of cucumbers inoculated with Lactobacillus plantarum, 


barrel no. 11, and Lactobacillus brevis, barrel no. 9. 


each series yielded the highest volatile acid, as well as 
a high total acid and relatively high pH, while those 
inoculated with Lactobacillus plantarum resulted in the 
lowest volatile acid and pH. The pH was low, even 
with the two cases where the total acidity was lowest 
of the four series (table 1). The relationship of total 
acidity to pH exists throughout the entire course of 
fermentation (figure 1). Therefore, the volatile acid and 
pH in relation to total acid may be used as a criterion 
of the relative effect of the homo- and hetero-fermenters. 
This relationship, in general, agrees with results pre- 
viously reported in studies on a laboratory scale by 
Pederson et al. (1949, 1950, 1953). 


SUMMARY 

The bacteriologic and chemical changes occurring in 
low salt brine pickling illustrate the fact that the flora 
may be different under similar conditions. 

Four fermentations have shown differences in domi- 
nant flora, particularly in the relative numbers and 
effects of the species Leuconostoc mesenteroides, Pedio- 
coccus cerevisiae, Lactobacillus brevis, and Lactobacillus 
plantarum. Pediococcus cerevisiae was dominant in one 
fermentation and entirely absent in another. In one 


fermentation Lactobacillus brevis exerted a dominant 
role, as shown by the number of such isolates and the 
high volatile acidity with high final pH. 

Although the flora can be influenced by pure culture 
inoculation, the value of encouraging the dominance of 
one type over others is still questionable. A homo- 
fermentation results in lower volatile acid, lower pH, 
and sometimes lower total acid than are obtained in a 
heterofermentation. 
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Among the deteriorative processes occurring in the 
storage of moist cottonseed, two types of production of 
free fatty acids have been noted in the oil of the seed. 
One is a slow development which seems to result from 
the action of the seed enzymes (Jensen et al., 1950); the 
other is a rapid development associated with the growth 
of microorganisms (vide supra; Christensen et al., 1949). 
In another seed, namely moldy corn, four of the fungi 
isolated were demonstrated by Goodman and Christen- 
sen (1952) to possess lipolytic abilities. However, there 
has been no attempt to identify or enumerate the lipo- 
lytic organisms in a sample of cottonseed in order to 
compare the numbers and kinds of such microorganisms 
with the fatty acid content of the oil of the seed. In the 
work reported here, a study was made of the conditions 
of each of 28 cottonseed samples, as indicated by mois- 
ture, free fatty acid content, the general magnitude of 
the numbers of lipolytic and nonlipolytic microorgan- 
isms found in or on the cottonseed and able to grow on 
an oil emulsion medium, and the identities of the lipo- 
lvtie organisms. In a later work (Mayne, 1956), the 
lipolytic activities of the identified or characterized 
organisms were measured quantitatively and grouped in 
relation to the quality of the seed from which the organ- 
isms came. 


MATERIALS AND METHODS 


Cottonseed samples. Twenty-eight samples of cotton 
seed, mostly of the 1951 crop, were obtained from six 
Southern states. The history of each sample as received 
is shown in table 1. Seventeen of the samples had been 
harvested recently; the other eleven samples had been 
stored in various ways. It must be realized that even 

‘One of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, United States 
Department of Agriculture. 


the samples in the newly harvested group had had an 
opportunity to undergo some change during the period 
while they were being mailed to the laboratory. When 
the samples were analyzed and graded according to the 
grading standards of the Federal Regulations (U.S.D.A., 
1949) and the National Cottonseed Products Associ- 
ation (1955), the seeds fell into groups as follows: 7 
Prime Quality’, 14 Below Prime Quality, and 7 Off 
Quality. However, 12 of the samples contained less than 
1.8 per cent free fatty acids in the oil. 

The samples were placed, immediately after being 
received, into a deep freeze box and held at —15 to 
—20 C until cultured. Because this step was expedient 
and there was a possibility that some organisms would 
be killed by this temperature, counts are not accepted 
as absolute. Comparison is made only of the general 
magnitude of the counts of a group of samples receiving 
one grade with the counts of another group of samples 
assigned a different grade. 

Numbers of microorganisms. Flora from the whole 
seed, rather than internal flora, were studied to avoid 
overlooking any lipolytic organisms which might have 
sporulated outside the hull, yet might have sent their 
mycelia and enzymes into the seed. Bacteria also were 
collected, although they have been considered by many 
workers to be inactive at moisture contents which would 
be in hygroscopic equilibrium with relative humidities 


2 Prime Quality cottonseed contains not more than 1.0 per 
cent of foreign matter, not more than 12.0 per cent of moisture, 
and not more than 1.8 per cent of free fatty acids in the oil 
in the seed. Below Prime Quality cottonseed contains 1.0 to 
10 per cent foreign matter, 12.0 to 20 per cent moisture, or 1.8 
to 12.5 per cent free fatty acids in the oil in the seed. Off Quality 
cottonseed contains 12.5 per cent or more of free fatty acids, 
more than 10.0 per cent of foreign matter, or more than 20.0 
per cent of moisture. [National Cottonseed Products Associa- 
tion (1955/56) .] 
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Sample Variety, Source 

C 373 Delfos 9169, Mississippi 

C 375 | Empire, Mississippi 

C 371 | Stoneville 2B, Mississippi 

C 374 Coker 100 Wilt, Mississippi 

C 372 | Deltapine 15, Mississippi 

C 352 | Plains, Tennessee 

C 349 Paula, Missouri 

C 351 Empire, Tennessee 

C 350 Paula, Missouri 

C 356 | Coker 100 Wilt, South Carolina 

C 354 | Deltapine 15, Louisiana 

C 357 Louisiana 

C 355 Coker 100 Wilt, Louisiana 

C 353 Coker 100, South Carolina 

C 358 Louisiana 

C 359 Louisiana 

C 361 Louisiana 

C 365 Storm Master, Texas 

C 366 | C. A. 119, Texas 

C 385 Stoneville 2B, Mississippi.t Plant treated with 15% 
maleic hydrazide 

C 388 | Stoneville 2B, Mississippi.t Plant treated with 15% 


maleic hydrazide 


C 382 Stoneville 2B, Mississippi.t Plant not treated 


C 386 Stoneville 2B, Mississippi.t Plant treated with 3% 
maleic hydrazide 

C 381 Stoneville 2B, Mississippi.t Plant not treated 

C 383 Stoneville 2B, Mississippi.t Plant treated with 3% 
maleic hydrazide 

C 380 Paula, Missouri 

C 378 Paula, Missouri 

C 379 Delfos, Mississippi 


TaBLeE 1. Description of cottonseed samples as received 


[VoL 4 
Storage Conditions eed ge Moisture 
Before Receipt ~~ Oil* | Content* 

1: ne 
Unknown or uncontrolled 0.5 | 7.2 
Unknown or uncontrolled 0.6 | 72 
Unknown or uncontrolled | Oye ae rie 
Unknown or uncontrolled 0.9 7.3 
Unknown or uncontrolled | 0.9 | 7:7 
Unknown or uncontrolled | 0.4 13.7 
Unknown or uncontrolled | 0.4 14.0 
Unknown or uncontrolled 0.4 13.9 
Unknown or uncontrolled | 0.4 7.0 
, Unknown or uncontrolled 0.7 12.9 
Unknown or uncontrolled 2:2 9.2 
Unknown or uncontrolled 2.2 | 8.3 
Unknown or uncontrolled 3.3 Fe 
Unknown or uncontrolled 3.4 10.4 
Unknown or uncontrolled 3.6 9.6 
Unknown or uncontrolled 4.7 9.4 
Unknown or uncontrolled 5.7 8.7 
delinted, sack storage (1 vear) 0.9 7.0 
delinted, sack storage (1 vear) 1.0 r fee 
100% R. H., 78 F (28 weeks) | 5.2 14.2 
100% R. H., 78 F (28 weeks) 8.9 14.5 
91% R. H., 78 F (28 weeks) | 24.1 16.0 
01% R. H., 78 F (28 weeks) | 26.1 | 16.9 
91% R. H., 78 F (28 weeks) | 28.4 15.0 
91% R. H., 78 F (28 weeks) 29.0 16.0 
90% R. H., 76-78 F (5 months) 39.5 16.2 
90% R.H., 78 F (3 months) — 16.2 
7 months cold room 76 F and 90% R. 47.7 19.1 


H. (9 months) 





* Determined by Analytical, Physical-Chemical and Physics Section. 
t For complete description of these samples, see Lambou, Parker, and Carns (1956). 


of less than 90 per cent. However, one of the samples did 
have a sufficiently high moisture content (19.13 per 
cent) to be in hygroscopic equilibrium with an at- 
mosphere of approximately 90 per cent relative hu- 
midity (Karon, 1947; Karon and Adams, 1948). 
Before culturing, each sample was allowed to thaw, 
placed in a sterile, covered pan, mixed and quartered 
three times. A 10-g portion of each sample was weighed 
aseptically, transferred to a mortar, and ground with a 
pestle until it was observed that each seed was broken 
and crushed to small bits. A mill could not be used 
because the high moisture content of some samples 
caused the oily seed and linters to adhere to the blades. 
The ground seed was transferred with 90 ml of a 0.05 
per cent aqueous solution of Tween 20* to a wide-mouth 
bottle and shaken mechanically for 20 minutes. Serial 
dilutions of the suspension were made as usual in 
progressions of 10 up to a dilution of 1:1 million; 1 ml 
of each dilution was used in duplicate pour plates. A 


3 The use of trade names in this article is for identification 
only and implies no endorsement of manufacturer or product. 


differential agar medium described by Goldman and 
tayman (1952) was selected to make it possible to 
count and isolate the lipolytic microorganisms. This 
medium contained refined and bleached cottonseed oil 
(1.5 per cent), soybean phospholipid (Astee 4135*), 
yeast extract, dipotassium phosphate, Nile blue sulfate, 
and agar, and was adjusted to a pH value of 7.2. In the 
preparation of this medium, the oil, emulsifier, and 
water were mixed in a Manton-Gaulin® milk homogen- 
izer, and the emulsion was sterilized and added asep- 
tically to the other previously sterilized ingredients. 
The Goldman and Rayman medium had been com- 
pared previously with the following media by culturing 
six samples of cottonseed on each: tryptone glucose 
extract agar; a modified Czapek’s agar (Jensen et al., 
1951) made with 1 per cent dextrose and primary potas- 
sium phosphate at pH 5.5; Goldman and Rayman 
medium at a pH of 4.0; and Goldman and Rayman 
medium at pH 7.2 but without oil. This comparison 
indicated that the Goldman and Rayman medium at 
pH 7.2 was better than any of the other media except 
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tryptone glucose extract agar for supporting the growth 
of different kinds of organisms, and either better or as 
good for supporting the largest numbers of organisms. 
Tryptone glucose agar was slightly better for supporting 
the growth of molds. Since the Goldman and Rayman 
medium without oil supported growth the mere appear- 
ance of a colony on this medium was not an unqualified 
indication of lipolysis. It was considered that lipolysis 
had occurred wherever the color of medium, originally 
asalmon to purplish-pink, changed to blue, or wherever 
clearing of the oil emulsion was produced in a zone 
around or under the colony. 

The cultures were incubated at 25 to 28 C for 7 days, 
observations, counts, and transfers being made on the 
third, fifth, and seventh days. Preliminary tests had 
shown that counts in samples of the same lot of seed 
could vary as much as 4- or 5-fold; therefore, only 
differences greater than this order of magnitude should 
be considered significant. 

Lipolysis of microorganisms in pure cultures. rom 
cultures of each cottonseed sample, two or three repre- 
sentative colonies of each type of lipolytic organism and 
occasionally of nonlipolytic organisms were transferred 
for jsolation to other Goldman and Rayman plates, and 
finally to glycerol agar slants. Notation was made as to 
the intensity of lipolysis of the organisms in pure culture 
and the cultural characteristics. An arbitrary scale 
based on the size of the zone of blue color or of clearing 
of the emulsion, was devised to compare the activity of 
the organisms. The most lipolytic bacteria and molds 
were chosen from isolates for a subsequent investigation 
in which their lipolytic activity was measured quantita- 
tively (Mayne, 1956). 

Identifications of bacteria. All bacterial cultures were 
taken from the mineral oil-covered stock tubes (Morton 
and Pulaski, 1938) and streaked on nutrient agar plates. 
The colonies were described after incubation at 25 to 
26 C for one or two days, depending on their rates of 
growth. If more than one type were present, each was 
identified separately to determine whether it was a 
Variant or contaminant. The usual descriptions and 
physiologic reactions were determined for all cultures 
(Society of American Bacteriologists, Manual of 
Methods for Pure Culture Study of Bacteria, 1936-54). 
For the aerobic sporeforming bacteria, the identifica- 
tion scheme of Smith et al., (1952) was followed. For 
the gram negative bacilli, which were possibly in the 
genus Pseudomonas, the special characteristics noted 
ina publication and in an amended key by Haynes 
(1951, 1953) were observed. lor those organisms which 
were thought to be Xanthomonas species, growth in 
hutrient broth containing 5 per cent or 9 per cent 
sodium chloride was .determined also. Methods used, 
other than those mentioned above, include the follow- 
ing (incubation of cultures at 25 to 26 C): 
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Liquefaction of nutrient gelatin 3 days to 3 weeks at 
25.5 and 20.0 C. 
Production of H2S in both peptone-iron agar and SIM 
agar (Difco Manual, 1953). 
Production of indol in SIM agar and in tryptone 
water tested with Kovac’s solution. 
teduction of nitrate to nitrite tested after 1, 2, 4, 7, 
and 25 days, including a check for residual nitrate 
with zine (Society of American Bacteriologists, 
Manual of Methods for Pure Culture Study of 
Bacteria, 1936-54), and also test in nitrate agar 
to observe possible gas formation. 
Growth on Simmon’s citrate 3 to 10 days (Difco 
Manual). 
Vlagella stains were made according to Leifson’s 
(1951) method. 
Fermentation of sugars in Purple Broth (Difco 
Manual) and also in Smith’s (1952) synthetic 
medium. 
Pigment production in Burton’s medium (1948). 
Fluorescence production in King’s medium (1948). 
Cellulose test in Omeliansky’s medium (Ired and 
Waksman, 1928), and in the same medium plus 1 
per cent dextrose, and in Kellerman’s medium 
(Kellerman and McBeth, 1912) with ground com- 
mercial filter paper. 
Utilization of naphthalene according to Gray and 
Thornton (1928) using ammonium sulfate in one 
medium and potassium nitrate in another medium. 
Fermentation of ethanol according to Berry ef al. 
(1954). 
Production of potassium-2-ketogluconate as de- 
scribed by Haynes (1951) but in still culture. 
Identifications of molds. The molds were taken from 
oil-covered stock cultures (Buell and Weston, 1947) and 
put onto potato dextrose and Czapek’s sucrose agar 
plates. Slide cultures also were prepared according to 
Littman (1949). Morphology of the various organisms 
were studied from these preparations. 
RESULts AND Discussion 

Numbers of microorganisms. The numbers of lipo- 
lytic molds and bacteria and the total numbers of molds 
and bacteria from each cottonseed sample are presented 
in table 2. In several of the tests, complete counts were 
not obtained because one or another type of organism 
grew over the entire plate crowding out the rest of the 
flora. Notations also are made of the quality of the seed 
samples as judged by moisture and free fatty acid con- 
tent. In comparing the presence of lipolytic microorgan- 
isms with content of free fatty acids in the oil of the 
seed, it may be seen that 8 of the 16 samples which had 
over 1.8 per cent free fatty acids in the oil, contained 
over 10,000 lipolytic molds per gram of cottonseed; 
none of the other samples had as many of these molds. 
Ten of the samples with increased free fatty acids had 











TABLE 2. Numbers of microorganisms in cottonseed 
samples 
Lipolytic in Mixed 
Sample No. Quality* — Coluse 
Bacteria Molds Bacteria Molds 
thousands/g  thousands/g | thousands/gm thousands, ¢ 
C 373 P 33 6 3 0.2 
C 375 ig 740 25 60 10 
C 371 “sg 250 6 130 2 
C 374 P 65 12 3 ?F 
C 372 sg 200 6 0.7 ?t 
C 365 P 14 0.1 0.6 0.1 
C 366 P 140 <0.1 5 = | 
C 352 Bt 200 2 s ?t 
C 349 Bt 20 ,000 6 6 2+ 
C 351 t 180 6 120 5 
C 350 Bt 650 5 160 4 
C 356 Bt 13 ,000 20 2,600 ?t 
C 354 B 10,000 110 1,600 100 
C 357 B 10,000 700 1,900 300 
C 355 B 11,000 8O 1,900 SO 
C 353 B 11,000 900 120 900 
C 358 B 10,000 60 600 2T 
C 359 B 1,900 300 300 2+ 
C 361 B 2,700 2.100 900 >t 
C 385 B 1,800 14 91 5 
C 388 B 1,000 4 6 ; 
C 382 O 15 6 0.5 6 
C 386 O 650 63 28 42 
C 381 O 490 2 6 2 
C 383 O 130 + 14 3 
C 380 O <10§ 74,000 2+ ~~ 30,000 
C 378 O —§ 130,000 2+ ~=— 39,000 
C 379 O —§ 19,000 >t +|>1,250 





*P = Prime Quality; B = Below Prime Quality; O = Off 
Quality. 

t Evidence of lipolysis not distinct—overgrown by other 
organisms. 

t These samples have as low FFA content as prime seed. 

§ Overgrown by molds. 


over 10,000 lipolytic bacteria per gram, but as many as 
five of the other samples contained that many bacteria. 
On the other hand, only three of the samples with high 
free fatty acids content had fewer than 10,000 of either 
lipolytic molds or bacteria per gram. In each sample, 
the percentage of bacteria which were lipolytic was 
generally low, while the percentage of molds which were 
lipolytic varied greatly, generally being more than 50 
per cent. Thus, the results indicate that the presence of 
many lipolytic organisms, especially lipolytic molds, is 
associated with high free fatty acids content in the oil 
of the cottonseed. 

Lipolysis tests of pure cultures. The activities in pure 
culture of the isolates of organisms which had been 
picked from mixed cultures as appearing to be lipolytic 
were rated according to an arbitrary scale devised for 
the purpose. Of the 132 bacterial isolates, 16 were 2+, 
52 were 1+, 14 were +, and 50 were negative. Of the 
64 molds picked as lipolytic, 7 were 3+, 19 were 2+, 
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18 were 1+, 5 were +, and 15 were negative. Four of 
the organisms picked as nonlipolytic were found to be 
1+. The reason for these differences of reactivity be. 
tween mixed and pure culture is not known. It is sug. 
gested that growth on artificial media may have 
affected organisms having weak or variable activity. 

The data of the counts were re-evaluated in terms of 
these tests in pure culture since so many isolates were 
negative. The eight samples with high free fatty acids 
content still had over 10,000 lipolytic molds per gram, 
and most samples had numbers close to the original 
numbers which were lipolytic in mixed culture. One 
other sample having high free fatty acids had at least 
21,000 molds which were lipolytic in pure culture but 
did not appear so originally in the mixed culture. Among 
those 10 samples with high free fatty acids content and 
over 10,000 lipolytic bacteria per gram, all 10 had more 
than 10,000 bacteria which were lipolytic in pure 
culture. However, among the five samples with low free 
fatty acids content and over 10,000 lipolytic bacteria 
per gram in mixed culture, three had very many less 
than this number which were lipolytic in pure culture. 

Therefore to recapitulate: of 16 samples with high 
free fatty acids, 14 had more than 10,000 microorgan- 
isms, molds or bacteria or both, whose representatives 
were lipolytic in pure culture; and of 12 samples with 
low free fatty acid content, two had more than 10,000 
microorganisms whose representatives were lipolytic in 
pure culture. Only the most lipolytic isolates from each 
sample of cottonseed were selected for identification 
studies. 

Identification of lipolytic bacteria. Of 15 gram positive 
cultures originally isolated, one was found to be Bacillus 
subtilis, 12 were Bacillus pumilus, and two were not 
identified. Two of the B. pumilus isolates were atypical, 
383B2a and variant b, and 388B4, in that they formed 
a pink pigment on gelatin and peptone iron agar. Three 
others of the original cultures of B. pumilus had 
variants, one (366B2b) of which was so different it 
could not be identified. It differed from the other and 
major portion of the culture in these respects: (1) it 
formed punctiform, smooth, translucent colonies rather 
than rough and ridged; (2) the size of the rods was an 
average 0.5 x 1.4 to 3.0 uw instead of 0.7 x 2.0 to 3.0 u; 
(3) in the gram stain there was a suggestion of palisade 
formation, but there were no metachromatic granules or 
palisade formation shown in the methylene blue stain; 
(4) spores were absent; (5) in some media the culture 
was yellow; (6) it did not grow well in nutrient broth; 
and (7) it was nonmotile. One of the unidentified gram 
positive bacilli, 386B5, a nonspore bearer, was similar 
to the B. pumilus cultures except for the lack of spores 
and the lack of motility. No palisade formation was 
noted. The second unidentified culture, 357B2, formed 
a smooth punctiform colony, was almost coccoid, was 
motile with peritrichous flagella, had a fluorescent 
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yellow color, and formed nitrite from nitrate. In all 
other tests, it gave negative reactions. 

Among the gram negative bacilli, 11 were in the genus 
Pseudomonas, three of these having variants. Two 
cultures fit the key (Haynes, 1953) as Pseudomonas 
ovalis. Other characteristics of these cultures were: 
nitrate to nitrite reduction in one culture after long 
incubation; acid in glycerol and glucose, but not in 
maltose, lactose, or sucrose. Four cultures, 349B6a and 
353B6, and 353B7, fit the 
new key as Pseudomonas reptilivorous. They also were 


yariant b, 349B7a and b, 


similar to the description in Bergey’s Manual of De- 
terminative Bacteriology (Breed, Murray, and Hitchens, 
1948). Since there may have been a question as to 
whether an organism having the reported habitat of 
lizards and Gila monsters would he in or on cottonseed, 
a close neighbor (Pseudomonas boreopolis) in the key 
was considered. However, the organisms described here 
did not attack naphthalene nor redden gelatin. Two 
organisms, 381B1l and 381B2, are considered to be 
Pseudomonas aeruginosa because they grew at 42 C and 
produced slime although they did not produce pigment. 
Three other cultures, considered unidentified as to 
species, 357B7, 375B5, and 385B2b, were also apyo- 
cyanogenic. They grew well at 25 and 37 C but not at 
42 C. 
starch strongly, and produced acid in maltose but not 


The last mentioned two cultures hydrolyzed 


in glucose. Although they fit the key as P. reptilivorous, 
and with only a few exceptions also fit the key as 
Pseudomonas mephitica, they are not characteristic of 
the descriptions of either of these species in Bergey’s 
Manual of Determinative Bacteriology. Of the three sets 
of variants collected, two sets as mentioned above were 
identified as P. reptilivorous. However, the other un- 
identified set differed in some characteristics which are 
important in species identification: 385B2a grew at 
42 C, produced only a slight slime, was only slightly 
yellow, and utilized starch to a slight degree as com- 
pared to its variant 385B2b which did not grow at 
42 C, was definitely vellow, and utilized starch strongly. 

The other 16 gram negative bacilli were very much 
like members of the genus Yanthomonas. However, no 
plant pathogenicity tests were made. These bacilli were 
either pale yellow or deep golden yellow, almost orange; 
most of them had one polar flagellum, but some had 
some tufts of two to four polar flagella; all were prefer- 
ably aerobic. Eight of the isolates had rough and 
smooth variants, making 24 cultures which could be 
divided into six large groups according to their reac- 
tions on starch, nitrate, and gelatin. Table 3 indicates 
the groups and their reactions. None of the organisms 
were exactly like the descriptions of the Xanthomonas 
Be rge y’s 
Xanthomonas pruni, Xanthomonas 


species in Manual, but some resembled 
lactucae-scariolae, 
Xanthomonas beticola, or 


Although these 


Xanthomonas papavericola. 


bacteria fall into the 
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TABLE 3. Grouping of the Xanthomonas-like isolates 


No. of 





Group Reactions ‘eolshee 
I Gelatin liquefied, starch hydrolysis feeble, 3 
nitrate negative 
II Gelatin liquefied, starch hydrolysis feeble, 1 
nitrate positive 
Ill Gelatin liquefied, starch hydrolysis feeble, 11* 
nitrate very slightly positive 
IV Gelatin liquefied, starch hydrolysis strong, 3 
nitrate late positive 
V Gelatin liquefied, starch not hydrolyzed, 1 
nitrate slightly positive 
VI Gelatin not liquefied, starch hydrolysis 1 


feeble, nitrate strongly positive 





category of 


* One having a variant in Group IV and another having a 
variant in Group V. 


Xanthomonas according to the key in Bergey’s Manual, 
they are not considered to be in this genus by Dr. M. P. 
Starr (private communication) on the basis of color, 
slime production, and odor. Complete descriptions of 
each group will not be given here since all but two 
groups had similar quantitative lipolytic reactions as 
noted elsewhere (Mayne, 1956). 

Identification of lipolytic molds. Seventeen of the 41 
mold cultures were Aspergillus flavus, Link, one being 
atypically floecose with radiate conidial heads and pre- 
dominately single sterigmata. 

Other cultures that were characteristically identifi- 
able to the species were: one Aspergillus terreus Thom; 
one Aspergillus terreus var. floccosus Shih; two Asper- 
gillus awamort Nakazawa; one Aspergillus luchuensis 
Inui; two Fusarium moniliforme (Sheld.) Snyder et 
Hansen; two Fusarium nivale (Fr.) Snyder et Hansen; 
one Fusarium roseum (Lk.) Snyder et Hansen; one 
Fusarium oxysporum (Schl.) Snyder et Hansen; one 
Fusarium episphaeria (Tode) Snyder et Hansen; two 
Penicillium 
Penicillium 


lanosum: one 

Penicillium 
pusillum (all penicillia were identified by Drs. C. R. 
Benjamin and C. W. Hesseltine). The last two men- 
tioned were extremely interesting since their restricted 
growth and light color resembled the appearance of 


citrinum; one Penicillium 
roseopurpureum; and one 


actinomycetes. 

Three cultures were identified only to the genera; one 
Ceratostomella sp.; one Diplodia sp.; and one Hormo- 
dendrum sp. 
identified but can be de- 
scribed. Culture 349M6 was similar in gross appearance 
to Diplodia with raised fluffy and woolly dark my- 
celium with some white hyphae; septate mycelium with 
sharply broken dark hyphae, some with dark knoblike 
growths or excrements on the outer walls; no spores 


Four cultures were not 


but many chlamydospores, some in chains. 
Culture 357M1 was mostly black, flat and submerged 
hyphae in bundles with some rising white hyphae. The 
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colony has the appearance of a black woolly carpet 
with carbonaceous sclerotia. Slide culture shows the 
parallel hyphae anastomosing at various points to form 
cell bridges and hyaline hyphae turning dark with 
brown chlamydospores. 

Culture 35413 had dark submerged or surface my- 
celium and very fluffy high aerial mycelium that seemed 
to avoid the agar in the center of the plate. On Czapek’s 
these aerial hyphae are gray, white, faint yellow, and 
pale peach. On potato dextrose they are all gray and 
white. The giant colonies have the same appearance as 
pictures of giant colonies of Rhizoctonia. Microscopic 
examination showed septate hyaline and brown hyphae 
with some smooth, heavy walled, irregular brown cells, 
some large cells with inclusions; young branches of 
hyphae were very thin walled and the older ones were 
thick and had many cell bridges between strands, some 
had thicker walls on one side than the other giving the 
appearance of a twisted strand, others had wartlike 
excretions, no spores. ( 

Culture 354M2 had white mycelium with red and 
yellow pigment in various places, the reverse was red 


TaBLe 4. Identities of microorganisms isolated 
from various grades of cottonseed 





: No. Total | | 
Name Isolates < No. Grades of Sources 
sources 
Penicillium roseopurpureum | 1 O* 
Penicillium pusillum l 1 O 
Penicillium lanosum.. 1 l O 
Penicillium citrinum 2 1 O 
Ceratostomella sp. 1 1 O 
Aspergillus awamori. . 2 2 O 
Pseudomonas aeruginosa 2 ] O 
Gram positive bacilli 2 2 O, BT 
Aspergillus flavus 17 9 | 2B, 6-0, 1Pt 
Diplodia sp.... I l B 
Aspergillus luchuensis. . I 1 B 
Aspergillus terreus. 2 2 B 
Fusarium roseum | 1 B 
Fusarium nivale. . 2 2 B 
Fusarium moniliforme 2 2 B 
Pseudomonas ovalis... 2 2 2B 
Bacillus subtilis : 1 1 B 
Pseudomonas reptilivorous 1 2 B, BPS 
Unidentified molds j 3 2B, BP 
Hormodendrum sp. . | 1 BP 
Fusarium episphaeria 1 ] BP 
Xanthomonas-like bacteria 16 9 8B, P 
Pseudomonas species 3 3 2B, P 
Bacillus pumilus 12 s oc, Br, B; 
2-O 

Fusarium oxcysporum, .......... 1 1 ig 





* Off Quality above 12.5 per cent free fatty acids, and 
above 20 per cent moisture content. 

+ Below Prime Quality. 

t Prime Quality less than 1.8 per cent free fatty acids, and 
12 per cent moisture content. 

§$ Below Prime Quality because of high moisture content. 
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to rose. There were many chlamydospores, yellow- 
brown and rough, terminal and intercalary. There were 
yellow thin walled cleistothecia, 17.5 uw, which looked 
like drops of liquid, hyaline asci 9.8 uw, and hyaline, 
globose spores 2.1 yu. Some chlamydospores were 10.5 
mu, With vacuoles of 1.4 or 2.1 uw. Some vacuoles stained 
blue (either fatty acid or protein) with Nile blue, others 
did not stain. None stained red with Nile blue or sudan 
II (neutral fat). In the mycelium, some large bodies 
stained blue with the Nile blue. The knobs on the 
chlamydospores were of different sizes but mostly were 
round. This culture, which has the general appearance 
of a Fusarium, might be a J\Jonascus. 

Identities of organisms in various qualities of coltton- 
seed. The names of the most lipolytic organisms found 
in the various types of seeds are listed in table 4. Most 
of these organisms were found in seeds of high free 
fatty acid, appearing only occasionally in seeds of low 
free fatty acid. However, it was noted that the Bacillus 
species, B. subtilis and B. pumilus, were found in all 
tvpes of seed. No one kind of lipolytic organism seemed 
to be associated exclusively with samples having high 
free fatty acid content. 
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SUMMARY 


The general quantity of microflora, the numbers of 
lipolytic microorganisms, and the identities of most of 
the lipolytic microorganisms contained in samples of 
cottonseed with different amounts of free fatty acids in 
the oil of the seed have been determined. Most (nine- 
tenths) of the numbers of cottonseed samples with 
large contents of free fatty acids in the oil contained 
large numbers, at least 10,000 per gram, of lipolytic 
molds or lipolytic bacteria. None of the samples with 
low amounts of free fatty acids in the oil contained 
large numbers of lipolytic molds, but some contained 
large numbers of lipolytic bacteria. Some of the lipo- 
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lytic bacteria in these good quality seed were included 
in a group of lipolytic organisms which were either 
weak or variable in their activity. 

The lipolytic molds were identified as Penicillium 
lanosum, P. citrinum, P. roseopurpureum, P. pusillum, 
Aspergillus flavus, A. awamori, A. luchuensis, A. terreus 
two varieties, Fusarium moniliforme, F. nivale, F. 
roseum, F’. oxysporum, F. episphaeria, a Diplodia sp., 
a Hormodendrum sp., a Ceratostomella sp., and some 
unidentified species. The lipolytic bacteria were 
Yanthomonas-like organisms, Pseudomonas aeruginosa, 
P. walis, P. reptilivorous, other Pseudomonas species, 
Bacillus subtilis, B. pumilus, and a few unidentified 
gram positive bacilli. 
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Deteriorated cottonseeds containing large amounts of 
free fatty acids in the oil were reported in a previous 
work (Mayne, 1946) to contain or to carry on their 
surfaces large numbers of lipolytic microorganisms. It 
was noted also that certain kinds of lipolytic organisms 
were found in the samples of deteriorated seed (rarely 
on the samples of prime seed), while other lipolytic types 
were found in both kinds of seed. In an effort to find any 
differences in the activity of these types, a program in- 
volving quantitative measurements of lipolysis was 
carried out on cultures of 42 bacterial and 43 mold 
isolates from cottonseed. 

Two types of quantitative measurements of lipolysis 
have been reported in the literature: One involves the 
use of enzyme preparations (Ramakrishnan and Baner- 
jee, 1952; Fodor and Chari, 1949; Fiore and Nord, 
1949), and the other depends on measurements of the 
total titratable acidity developing in a culture of the 
microorganisms (Mukherjee, 1951; Goldman and Ray- 
man, 1952). The latter workers developed a method for 
making a stable emulsion of minute oil globules of uni- 
form size. This technique was an important contribu- 
tion since the ease of lipolysis is influenced by the 
availability (surface area) of the fat. 

It was thought that a more exact knowledge of fat 
decomposition would be gained by measuring only the 
acidity in the extracted fat, as distinguished from total 
titratable acidity, developing in a culture of the micro- 
organisms in question. Such a test was developed for 
this study to reveal any differences among the various 
species of microorganisms in their use of fat and in the 
acidity of the fat extractable from the cultures. These 
differences might explain then the occurrence of some 
types of lipolytic organisms in seed with little free 
fatty acid. 


MATERIALS AND METHODS 

Organisms tested. Lipolysis tests were carried out on 
42 bacteria and 43 molds isolated from cottonseeds of 
various qualities and reported previously (Mayne, 
1956). Also tested were two cultures reported to have 
lipolytic activity, Pseudomonas fluorescens (Migula 

1 One of the laboratories of the Southern Utilization Re- 
search Branch, Agricultural Research Service, U. 8. Depart- 
ment of Agriculture. 
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(NRRL-B-10) and Oospora lactis (Kres.) Saccardo (a 
lipolytic yeast from rough rice, Teunisson, 1954), 
Some of the organisms were tested in duplicate for their 
lipolytic abilities after incubations of 2, 4, and 6 weeks: 
others were tested in duplicate after incubation of 6 
weeks only. 

Inocula. To be sure that all cultures were actively 
growing, they were transferred three times on glycerol 
agar, the molds being subcultured weekly and the bae- 
teria daily. Each culture was planted on a large slant 
of glycerol agar. After the bacteria had grown 1 day 
and the molds 7 days, suspensions of each microorgan- 
ism were made in sterile solutions containing 0.05 per 
cent Tween 20°. The suspensions were diluted with the 
Tween solution to a density which allowed 55 per cent 
transmission in an Evelyn colorimeter equipped with a 
filter which transmits light at 6200A. Portions (1.8 ml) 
of these suspensions were used to inoculate bottles of 
oil emulsion medium. 

Preparation of medium. The cottonseed oil emulsions, 
made in a Manton-Gaulin homogenizer,? and nutrient 
solutions were prepared as described by Goldman and 
favman (1952). Diluted emulsions were distributed in 
50-ml amounts into round screw-top bottles which were 
then plugged with cotton and autoclaved for 18 minutes 
at 121 C. Sterile nutrient solution was pipetted asepti- 
cally into each bottle to a final volume of 60 ml of 
culture medium. Final content of the medium was ap- 
proximately 4.5 per cent cottonseed oil, 0.45 per cent 
Astec 4135 (a soybean phospholipid) ,?0.5 per cent yeast 
extract, 0.1 per cent KH2PO, and 0.1 per cent KeHPOs. 
Since the various batches of emulsion differed slightly 
in fat content, blanks were run for each day’s samples 
to correct for the differences in initial fat content as 
well as for any spontaneous development of free fatty 
acids. 

Inoculations. For each isolate to be tested, two or six 
bottles (depending on the number of tests to be made) 
of the final medium were inoculated with 1.8 ml of the 
inoculum described above. For the controls or blanks, 
1.8 ml of sterile 0.05 per cent Tween 20 solution was 
added to each of two or six bottles of sterile medium. 
Inoculations were staggered so that seven isolates and 


* The use of trade names in this article is for identification 
enly and implies no endorsement of manufacturer or product. 
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one set of blanks were prepared every other day. Incu- 
bation of cultures and blanks was maintained at 25.5 + 
9C and 53 to 70 per cent relative humidity. 

Examinations. After the desired period of incubation, 
two bottles of each culture and two blanks were ex- 
amined. The pH value of each was obtained with 
Hydrion papers. Notation was made concerning the 
appearance of the emulsion and the amount of growth. 
Where necessary, smears were made to determine 
whether growth had occurred. 

To break the emulsions and extract the oil, the fol- 
lowing procedure was adopted after preliminary ex- 
periments using known amounts of acetic and stearic 
acids. To each culture was added enough sodium 
chloride, approximately 25.5 g, to saturate it. The 
mixture was autoclaved at 121 C for 15 minutes, thereby 
killing all organisms and breaking the emulsion. After 
cooling, the whole culture was extracted four times by 
vigorous shaking with 20-ml portions of Skellysolve F.? 
After each shaking, the solvent was separated by 
centrifugation for three minutes at 1,200 rpm and re- 
moved by siphoning. The four extracts from each 
culture were pooled; the solvent evaporated from a 
tared flask on a steam bath, and the dried oil weighed 
in the flask. This method was found to recover fatty 
acid from the emulsion quantitatively within 5 per 
cent. Experimental evaluation of the efficiency of the 
method for extracting neutral fat was unnecessary, 
since the calculation for the amounts of fat used by the 
microorganisms was based upon differences between 
values of fat extracted from original emulsions and 
values of fat extracted from incubated cultures. How- 
ever, it was found that the deviation between values 
of fats extracted from samples of the same emulsion 
was less than 1.5 per cent. 

l'atty acids were determined by dissolving the oil in 
100 ml of neutralized isopropanol and titrating with 0.1 
NX NaOH, using m-cresol purple as the indicator. In a 
few cases where the oil was colored, it was transferred 
to a large beaker by washing with 50 ml of neutralized 
isopropanol; 60 ml of saturated sodium chloride was 
added and the solution was titrated with constant mix- 
ing to a pH value of 9.1 (Beckman meter) with NaOH. 
Weights of fatty acids were calculated as oleic acid. 
Titration of the acids in the aqueous portions of the 
cultures was found inaccurate since pigments produced 
by the organisms interfered with colorimetric end- 
points and the electrometric end points were not sharp, 
extending over a short pH range and a large volume 
of base. 


RESULTS AND DISCUSSION 


The pH value of the various uninoculated blanks 
changed from 6.6 to 6.8 to a range of 3.5 to 6.6 during 
the periods of incubation. The pH of the cultures 
ranged from 3.5 to 6.8, the majority of values being 


within 5.0 to 6.8. All the blanks, except one set, re- 
mained sterile during the entire experiment; the ex- 
ception was contaminated with cocci and had a pH of 
5.0. Good growth occurred in all the cultures. 

The amount of triglyceride which had been changed 
or used by each organism was calculated on the basis 
of the weights of fat extracted from the cultures and 
blanks, and of the amounts of fatty acids titrated in 
the extracted fats. It was necessary to know (1) how 
large a portion of the triglyceride was changed to 
hexane-soluble fatty acids, (2) how large a portion was 
changed to hexane-insoluble or volatile compounds not 
extracted from the cultures, and (3) the total of these 
portions. This information is given in table 1 in terms 
of per cent of the weight of the original neutral fat (one 
batch approximately 2.7 g and one batch approxi- 
mately 2.45 g). Calculations were made as follows: (1) 
The weight of neutral fat changed by the organisms to 
hexane-soluble fatty acids was 1.04 times the difference 
between the weight of fatty acids in the culture and 
the weight of fatty acids in the blank. The factor of 
1.04 changed fatty acid weight to the equivalent weight 
of triglyceride. (2) The weight of neutral fat changed 
by the organism to hexane-insoluble or volatile com- 
pounds was equal to the weight of total fat extracted 
from the blank minus the weight of total fat extracted 
from the culture, where both weights were corrected to 
a neutral fat basis. This correction is applied by re- 
placing the actual weight of fatty acids with their 
equivalent weight in terms of neutral fat, that is, weight 
of fatty acids by 1.04. The use of neutral fat of the 
incubated blank rather than the original amount of 
neutral fat cancels the unexplainable loss of neutral fat 
from the blank in excess of that accounted for as free 
fatty acids. 

It was found that the organisms could be arranged in 
five groups according to their activity. Group I was 
made up of 14 isolates of Xanthomonas-like bacteria 
which were very strongly lipolytic; they used 65 to 90 
per cent of the neutral fat, most of which remained in 
the cultures as fatty acids. Group II was composed of a 
group of molds, mostly of the genera Aspergillus and 
Penicillium, which were strongly lipolytic, using 60 to 
80 per cent of the neutral fat with a moderate accumula- 
tion of fatty acids. Group III contained 13 isolates of 
Aspergillus flavus which were strongly lipolytic, but 
which accumulated a small amount of fatty acids. 
Group IV was made up of a mixture of species of molds 
and a number of Pseudomonas species which were 
moderately lipolytic. Group V was weakly lipolytic 
and consisted mainly of species of gram positive rods. 

It should be noted that in this work the term “lipo- 
lytic” is applied to organisms using neutral fat and the 
definition is not dependent upon the demonstration of 
formation of fatty acids. It is possible that those or- 
ganisms which accumulated free fatty acids, for ex- 
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TABLE 1. Lipolytic activity of microorganisms 


growing in cottonseed oil emulsion for six 


weeks 
Neutral Fat Changed by the 
Organism (as Per Cent of the 
es Origina! Neutral Fat) 
ast Organisms To 
asi soluble To.ether —poeay 
fatty products 
acids 
Group I. Very strongly lipolytic with large 
accumulation of fatty acids 
14.  Xanthomonas-like bacteria 66-84 0-7 66-90 
Group II. Strongly lipolytic with moderate 
accumulation of fatty acids 
2 Aspergillus awamori 59. Gi | 20, 11 | 79, 73 
1 Aspergillus luchuensis 49 21 70 
a Aspergillus flavus 41, 34 | 24, 29 | 65, 63 
1 Penicillium roseopurpureum. 58 4 62 
1 Penicillium lanosum 54 20 74 
1 Unidentified mold 48 25 73 
1 Unidentified mold 44 22 66 
Group III. Strongly lipolytic with little 
accumulation of fatty acid 
13. Aspergillus flavus 6-32 13-59 = 61-77 
Group IV. Moderately lipolytic 
2 | Aspergillus flavus 2, 3% | 37, 23 | 57, 59 
2 = Aspergillus terreus 6, 31 30, 19 | 36, 51 
2 | Penicillium citrinum 26, 29 | 28 54, 57 
1 Penicillium pusillum 44) 5 54 
2 Fusarium nivale 0 37, 30 | 37, 50 
2 Fusarium moniliforime 0, 15 146, 25 46, 40 
1 Fusarium roseum 0) 36 36 
1 Fusarium orysporum 0 33 33 
1 Fusarium episphaeria 7 IS 26 
1 Hormodendrum sp. 24 29 53 
1 Diplodia sp. 26 4 30 
1 Ceratostomella sp. 7 13 20 
2 | Unidentified molds 9, 41 20.6 29, 47 
4. Pseudomonas reptilivorous 43-50 — 2-11 46-59 
2 Pseudomonas aeruginosa 22, 26 | 2,19 | 24, 45 
: Pseudomonas spp. 17-40 §=16-29 | 35-56 
1 | Gram positive bacilli 21 7 28 
] Stock Pseudomonas  fluo- 39 0 39 
rescens 
Group V. Weakly lipolytic 
12 | Bacillus pumilus 1-13 0-6 i-13 
1 Bacillus subtilis 1 0 1 
Gram positive bacilli 11 0 11 
2 | Pseudomonas ovalis 0 Age I 2, il 
2 | Xanthomonas-like bacteria 0, 18 9 0 0, 18 
2 | Unidentified molds 4,8 0, 12 | 8, 16 
1 


Oospora laetis 13 0 13 


ample, the Xanthomonas-like bacteria, after hydrolyzing 
the triglycerides to glycerol and long chain fatty acids, 
were not able to use those acids or perhaps preferred to 
use the glycerol moiety. On the other hand, the or- 
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ganisms which did not accumulate fatty acids, fo 
example, A. flavus, apparently were able to break the 
long chain fatty acids to water soluble compounds oy 
even to CO, which would not be detected in any of the 
analyses used in this investigation. 


TABLE 2. Quality of the cottonseed source from 
which members of groups of lipolytic 
microorganisms were taken 
Quality of Cottonseed Sourcet 


Lipoly tic Total No. 


Below prime 


Grouping” Isolates Off Below quality but | Prim 
quality Passes oe with low free qule 
1 y fatty acids " 
= \ ae Z 
I 14 - 13 1 
II 9 6 2 i 
I 13 10 2 1 
IV 30 7 16 5 2 
f 21 7 7 ] 6 


* Group I, Highly lipolytie with large accumulation of free 
fatty acids. 

Group II, Highly lipolytie with moderate accumulation 
of free fatty acids. 

Group III, Highly lipolytic with small accumulation of 
free fatty acids. 

Group IV, Moderately lipolytic. 

Group V, Weakly lipolytic. 

7 Prime Quality Cottonseed contains not more than 1.0 
per cent of foreign matter, not more than 12.0 per cent of 
moisture and not more than 1.8 per cent of free fatty acids in 
the oil in the seed. Below Prime Quality Cottonseed contains 
1.0 to 10 per cent foreign matter, 12.0 to 20 per cent moisture, 
or 1.8 to 12.5 per cent free fatty acids in the oil in the seed. 
Off Quality Cottonseed contains 12.5 per cent or more of free 
fatty acids, more than 10.0 per cent of foreign matter, or more 
than 20.0 per cent of moisture (National Cottonseed Products 
Association, 1955/56). 
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It is interesting to note that in most cases organisms 
identified as the same species or genus can be placed 
into the same group or adjacent groups. Since the 
sources (Mayne, 1956) were sometimes a thousand 
miles apart, it is felt that this indicates a rather stable 
hereditary characteristic. 

It may be noted also that the molds producing and 
accumulating the largest per cent of free fatty acids in 
the extracted oil were the so-called ‘‘storage molds,” 
aspergilli and penicillia. The A. flavus strains which did 
not, as a group, accumulate fatty acids were however 
strongly lipolytic in that they used most of the neutral 
fat. It is presumed that they first hydrolyzed the tri- 
glycerides and then used the resultant fatty acids. On 
the other hand, the molds producing the least amount 
of fatty acids and being least lipolytic were those that 
are considered plant pathogens, the fusarias, diplodias, 
and so forth. Bacteria have not been studied as much 
as molds in the problem of deterioration of stored seed 
because they are said to be inactive at moisture levels 
in equilibrium with relative humidities lower than 90 
per cent. However, it should be noted that the possible 
pathogens, the Xanthomonas-like bacteria and the 
Pseudomonas species, produced higher levels of free 
fatty acid than the saprophytes, bacilli. 

There was a question as to whether the qualities of 
seed which were the source of these organisms were cor- 
related with the strength of lipolvtie activity of the 
organisms. In the previous work it had been found that 
seed with high free fatty acid content in the oil also had 
contained large numbers of lipolytic organisms. Seed of 

good quality had not contained large numbers of lipo- 
lytic molds but a few samples had contained large 
numbers of lipolytic bacteria. The general occurrence 
of organisms with strong lipolytic abilities in or on 
seed of bad quality is demonstrated in table 2. The 
quality of the seed source of isolates in each group of 
organisms is given. Almost all organisms in the strongly 
lipolytic Groups I, II, and III were found in seed with 
high free fatty acids content in the oil, but a high per- 
centage of the two less active groups were found in 
good seed. Seventeen isolates from good seed were 
tested and only three were found to be highly lipolytic. 

The rates of lipolysis also seemed to correlate with 
the total amount of neutral fat used and free fatty 
acid produced. It may be seen in figure 1 that repre- 
sentative isolates in Groups I, I], and III have greater 
rates of lipolysis for the first two weeks than during the 
subsequent weeks of incubation, but isolates in Groups 
IV and V, which were moderately and weakly lipolytic, 
had little change in rates of lipolysis during the first 
four weeks of incubation. 
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SUMMARY 
Quantitative tests of the activities of pure cultures of 
lipolytic microorganisms isolated from samples of 
cottonseed revealed large differences in the quantities of 
fat utilized and in the accumulation of free fatty acids. 
It is suggested that those organisms which accumulated 
fatty acids either were unable to use them or preferred 
to use the glycerol moiety first. For convenience, the 
lipolytic organisms were arranged in five groups as 
follows: The Nanthomonas-like bacteria used large 
amounts of neutral fat and accumulated large amounts 
of fatty acid. A group of molds, mostly of the genera 
Aspergillus and Penicillium, used large amounts of 
neutral fat and accumulated moderate amounts of 
fatty acids. A group of strains of Aspergillus flavus used 
large amounts of neutral fat but accumulated only 
small amounts of fatty acids. A fourth group of species 
of various molds and Pseudomonas species was moder- 
ately lipolytic; and a fifth group, consisting mainly of 
gram positive rods, was only weakly lipolytic. Organ- 
isms of very strong lipolytic ability were found generally 
in seed of bad quality. Also the rate of lipolysis seemed 
to correlate with the total amount of neutral fat used 
and free fatty acids produced. 
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With the exception of certain sour milks such as 
kefir and koumiss, the presence of lactose-fermenting 
yeasts in dairy products is most undesirable because 
it results in gassy fermentation. 

Since the early days of microbiology, many lactose- 
fermenting yeasts, both sporogenous and asporogenous, 
have been isolated. In most of the cases, however, the 
descriptions of these yeasts, viewed by present stand- 
ards, are inadequate for a conclusive comparison with 
similar yeasts identified in recent years. In view of this, 
and because the literature on these yeasts from 1887 to 
1910 has been reviewed by Hammer and Cordes (1920), 
no specific reference of these sources is given. 

In 1918, Hunter recognized a nonsporulating lactose- 
fermenting yeast responsible for “foamy” cream. In 
1920, Hammer and Cordes isolated from “‘gassy’”’ cream 
two types of lactose-fermenting yeasts which they de- 
scribed in detail and named Torula cremoris and Torula 
sphaerica. In England, Allen and Thornley (1929) re- 
ported the isolation from “gassy” cheese of two lactose- 
fermenting yeasts, one sporogenous and the other 
asporogenous, referred to as B and C, respectively. In 
1942, Weiser isolated from split-rind Swiss cheese a 
lactose-fermenting yeast which he identified as T. 
cremoris previously described by Hammer and Cordes 
(1920). The author, examining samples of yeast-con- 
taminated yoghurt, isolated lactose-fermenting yeasts 
in four instances (Soulides, 1955). This investigation 
deals with the study of these yeasts in connection with 
their effect on the product and its bacterial flora. 


MATERIALS AND METHODS 

The yeasts were isolated by streaking yoghurt on 
yeast extract-malt extract agar and incubating at 25 C. 
The ability of the yeasts to sporulate and their cellular 
and cultural morphology, as well as the fermentation, 
assimilation, vitamin deficiency, and growth tempera- 
ture tests, were carried out exactly as described by 
Wickerham (1951). The thermal death point was 
determined by inoculating tubes containing 5 ml of 
skim milk with 0.1 ml of a water suspension from a 
24-hour culture in malt extract-yeast extract slants. 

_ The Lactobacillus bulgaricus and Streptococcus thermo- 
philus cultures were isolated either from yoghurt or 


1 This investigation was supported by a grant from the 
Faculty Research Fund of the University of Delaware. 
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milk or obtained from the American Type Cultur 
Collection (ATCC). Four strains of lactobacilli and 
four strains of streptococci were used. Those designated 
as Ly and S, were ATCC L. bulgaricus 9224 and ATC( 
S. thermophilus 7952, respectively. 

Screw-cap bottles containing 50 ml of milk wer 
inoculated with the yeasts and kept at 25 C. Similag 
samples after incubation were kept in the refrigerato 
(1 to 2 C). At regular intervals, the total acidity, pH, 
and ethanol content of these samples were determined, 
A duplicate set of bottles containing 50 ml of milk were 
inoculated with the yeasts in association with Lacto 
bacillus Ly, Streptococcus S, and a combination of I, 
and S;. At the same time the three bacterial culture 
were grown without the yeasts. After incubation at 
37 C, one set was kept at 25 C and the other in the 
refrigerator. The pH, and content of ethanol, as well 
as the content of lactic acid, were determined at regular 
intervals. Two sets of litmus milk tubes were inoculated 
with the four lactobacilli and the four streptococci, 
singly and in association with the yeasts. After incuba- 
tion one set was kept at 25 C and the other in the re- 
frigerator. All cultures were examined regularly for 
viability. 

The determination of ethanol was performed as 
recommended by Gingras and Gaudry (1944). This 
consists of oxidizing the distilled ethanol to acetic acid 
with potassium bichromate in sulfuric acid and deter- 
mining the resulting green chromic ion photoelectrically 
at 600-my wave length. The distillation apparatus used 
was based on the design suggested by Nicloux (1931). 
The photoelectric measurements were made by means of 
the Bausch and Lomb Spectronie 20 Colorimeter. In 
the determination of lactic acid the separation of lac- 
tates and their dehydration to acetaldehyde were per- 
formed according to Heinemann (1940), while the 
measurement of acetaldehyde was carried out colori- 
metrically with veratrole by means of the above-men- 
tioned photoelectrometer at 527 mu as described by 
Snell and Snell (1953). 


RESULTS AND DISCUSSION 


The morphologic study of the isolated yeasts dis- 
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closed the existence of two colony variations which are 
referred to as A and B. These variations appeared on 
the yeast extract-malt extract agar at the initial isola- 
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tion and they proved to be constant. Variation A pro- 
duced colonies with an entire edge, while variation B 
formed colonies showing short hyphae on the periphery 
dearly visible by 16-mm lens. Dalmau plates of A and 
B showed that this difference was restricted only to the 
gerobic spot colony and the aerobic part of the streak; 
the anaerobic colony and the anaerobic streak of both 
variations formed pseudohyphae. The aerobic spot 
colonies of both variations were dull, white, and rather 
smooth. In the case of variation A, cells from the edge 
of the colony occurred singly and were ellipsoidal; 3.4 x 
1.7 u to 10.2 x 3.4 uw. The hyphae in the anaerobic por- 
tion of the streak were from 280 to 300 uw long. The 
ratios of length of the tip cells to their adjacent cells 
for three hyphae were 6.8:17 w; 8.5:15 w; and 3.4:23.8 
y. On the hyphae oval, mainly single, blastospores were 
borne. Cells from the edge of the variation B colony 
ranged from large, elongated cells, arranged in chains of 
4to 7 to small, ellipsoidal cells, occurring singly. The 
cells were 3.x 2 w to 28 x 34 uw. The hyphae in the an- 
aerobic streak were from 400 to 500 » long. The ratio 
of the length of the tip cells to their adjacent cells were 
8.5:17 w; 10:20 uw; and 8.5:25.5 uw. With the above ex- 
ceptions, the two variants displayed no biochemical 
differences or other discrepancies. 

The yeasts failed to sporulate and formed no pellicle 
on assimilation media. They developed a strong fruity 
odor when grown in milk or other media. The best 
growth was obtained at 37 C, while good growth oc- 
curred at 45 C in 24 hours. No growth was obtained at 
47 C. The thermal death point in milk ranged from 56 
to 58 C. In addition to the sugar fermentations and the 
earbon and nitrogen assimilation reactions shown in 
table 1, the yeasts did not liquefy gelatin and did not 
grow in the absence of vitamins. 

On the basis of the generic characteristics as defined 
by Lodder and Kreger-van Rij (1952), it appears that 
the yeasts under study belonged to the genus Torulopsis. 
The biochemical and other reactions showed that the 
yeasts were essentially closer to 7’. cremoris as defined 


TABLE 1. Fermentation and assimilation reactions 





of the isolated yeasts 


Fermentation Assimilation 
Reaction Reaction 

Glucose. .... + + 
Galactose. = + 
Lactose... i + 
Sucrose. .. - +> 
Inulin. ...... = 

Raffinose...... +13 + 
Maltose...... ee - - _ 
Mannitol. ...... - | 

Lactic acid. .... Sere i 
Citric acid..... ; _ 
Ethanol..... EP + 
MIPSC... cs oie on ss 
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TABLE 2. Production of acidity and ethanol in 
milk cultures of yeasts 
Days of Incubation 
Yeast a ee ene ne a | | | 

Cultures | 2 | 70 2 | Sh Sheet oe 

Kept at sna ticindeenonaininainictcial EE a 
Total Total | 
| acidity | pH | acidity pH Ethanolt 

Cc ; | | ; i ‘ 
25 0.28 | 5.6 | 0.26 | 5.7 0.56 | 1.18 | 2.20 | 2.25 


Lto2 (0.27 | 5.7 0.29 5.6 | 0.50 | 0.52 | 0.51 | 0.53 





* Total acidity expressed in percentage of lactic acid. 
+ Ethanol expressed in percentage by weight. 





TaBLe 3. Rate of lactic acid utilization and ethanol production 
in milk cultures of lactose-fermenting yeasts grown in asso- 
ciation with Streptococcus thermophilus (Ss) and Lactobacillus 
bulgaricus (Ls). 


| After After 





” Afte After | Ini- | 

Initial 80 vol 160 ill | tial | ays | Days 
Cultures a en , Sa Pec 

Lac- Lac- | Lac- | 

pH | tic | pH | tic | pH | tic | Ethanol* 

acid*| acid | acid | 
“Se eee 4.2510.74/4.2 0.724.300.75 0| 0| 0 
Barre Vile cp so Sere 4.300.70.4.7 0.47,5.50.0.29 0.16,2.10.2.20 
ies taxeciess ....'3.75)1.50:3.70,1.48'3.751.52, 0) 0) 0 
sg Vis: ham actos 3.85)1.32)4.10 0.98 4.30,0.82.0.68 1.65)1.58 
Si + Ly.........-..'8.75)1.403.70 1.35 )3.80 1.37) 0; 0; 0 
S;+ I, + y......./3.70/1.30/3.80)1.06'4.100.87/0.56)1.52)1.68 





* Lactic acid and ethanol are expressed in percentages. 
ty = Lactose-fermenting yeast. 


TaBLE 4. Extension of viability of Streptococcus thermophilus 
and Lactobacillus bulgaricus strains when grown with lactose- 
fermenting yeasts 





Maximum and Minimum 








Viability 
2s C 1to2C 
days days 
Streptococci........... Begala tovntacag™ 23-32 50-60 
Streptococci + yeasts........... 60-72 140-160 
Pa MNNR Rs. ccie on cosh tae ea ees. 16-20 40-72 


Lactobacilli + yeasts............. 60-90 | 170-190 








by Hammer and Cordes (1920) and Harrison (1928) 
than to the yeast C isolated by Allen and Thornley 
(1929) or to Torulopsis sphaerica described by Lodder 
and Kreger-van Rij (1952). 

The yeasts grew readily in milk with production of 
abundant gas, moderate acidity, and ethanol (table 2). 
The method used for the determination of ethanol 
(Gingras and Gaudry, 1944) is recommended for similar 
determination in blood. However, preliminary trials 
which included quantitative recovery of added ethanol 
from milk samples, showed that the same method can 
be used efficiently with milk cultures, provided no 
other reducing agents are present. 

While the total acidity and the pH reached their 
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highest point during the 48 hours of incubation, the 
production of ethanol was gradual and it required 12 
days to reach its peak. From then on, like acidity, it 
remained unchanged until the end of the experiment. 
After 10 to 12 days of standing at 25 C, a precipitation 
of casein occurred. This was also observed by Hammer 
and Cordes (1920) and it was attributed by them to 
the action of a rennin-like enzyme possessed by the 
yeasts, since the acidity was too low to account for 
coagulation. The corresponding milk cultures which 
were kept in the refrigerator showed no increase in 
ethanol and no precipitation of casein. 

Growth of Streptococcus thermophilus Ss and Lacto- 
bacillus bulgaricus Ly, in association with the yeasts, as 
shown in table 3, also resulted in gradual production of 
ethanol with the difference that its content was sub- 
stantially lower in the lactobacillus and lactobacillus- 
streptococcus cultures than in that of streptococcus. It 
is possible that the high acidity of the first two cultures 
may have been responsible for the low yield of ethanol. 
Since the veasts were capable of utilizing lactic acid 
(table 1), determinations of lactates were carried out. 
According to these measurements during the first 40 
days of the experiment, no change was observed. After 
the 50th day, however, a gradual decrease of lactic acid 
set in, accompanied by a corresponding increase in pH. 
Comprehensive results of these determinations are given 
in table 3. Similar cultures kept in the refrigerator 
showed no decrease in lactic acid and no change in pH. 

Table 4 shows that the association of the strepto- 
cocci and the lactobacilli with the yeasts increased the 
viability of bacteria. This, in the case of the cultures 
kept at 25 C, may be explained by the fact that the 
lactic acid, which generally is considered responsible for 
the early death of S. thermophilus and L. bulgaricus, 
was gradually eliminated by the yeasts. However, the 
prolongation of the viability of similar cultures under 
refrigeration, during which no decrease of lactic acid 
took place, clearly indicates the presence of additional 
factors capable of extending the viability of these 
organisms (Soulides, 1955). Work toward the elucida- 
tion of this point is under way. 

In order to study the effect of the yeast on the 
product, samples of yoghurt from whole milk in 100-ml 
screw-lid jars were prepared. The yeasts were inocu- 
lated either into the milk prior to fermentation or into 
the finished product. The samples made from the yeast- 
contaminated milk showed profuse gas production with 
deep ruptures of the curd. When these samples were 
kept at 25 C, the product acquired a fruity taste in 3 
days and in 10 days, became yellowish and lost its 
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palatability. The content of ethanol in these samples 
did not exceed 1.70 per cent. Similar samples which 
were placed in the refrigerator immediately afte 
fermentation, did not show appreciable spoilage eye) 
after 2 to 3 weeks. Samples contaminated with the 
yeast after fermentation and kept at 25 C, in 3 days 
developed abundant gas which would escape upon re. 
moval of the lid, and in 10 days became inedible as g 
result of excessive yeastiness. 


SUMMARY 


Lactose-fermenting yeasts isolated from yoghurt 
were found to be closely associated with Torula cremoris, 

In milk the yeasts produced abundant gas, limited 
acidity, and appreciable amounts of ethanol. When 
grown in association with strains of Streptococcus 
thermophilus and Lactobacillus bulgaricus, they pro- 
duced ethanol, assimilated lactic acid, and increased the 
viability of the bacteria. 

Contamination of yoghurt with the yeasts resulted in 
gassy-alcoholic fermentation and a fruity odor with 
eventual spoilage of the product. 
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The development and study of strains of Penicillium 
chrysogenum that give high yields of penicillin has been 
a major project at the University of Wisconsin during 
the past 12 years. Many thousands of cultures have 
been screened for their penicillin-producing ability in 
the Botany Department of the University. The methods 
used for the production and screening of mutants, the 
genealogy of the outstanding strains and their cultural 
characteristics have been described recently by Backus 
and Stauffer (1955). In’ recent years, interest has 
centered on cultures that produce no pigment but give 
od yields of tae Many of the ree cultures 


pilot ee fermentations in the Sieslimniiary sa 
ment (Anderson et al., 1953, 1956; Davey and Johnson, 
1953; Soltero and Johnson, 1954; and Owen and John- 
son, 1955). In the present paper we shall report on 
factors affecting penicillin production by some of the 
recent high-yielding strains. These are numbered 
W50-935, W50-1583, W51-20, W51-616, W51-20F3, and 
W51-20F 3-64. 


MATERIALS AND METHODS 


The fermentations were run in 500-ml Erlenmeyer 
flasks containing 100 ml of medium. The flasks were 
aerated by shaking on a rotary shaker describing a 2-in 
circle at 250 rpm. The fermentation temperature was 
24 to 25 C. Asa rule, 3 replicate flasks were used in each 
experiment. 

The media had the composition given in table 1. 
Medium I was used in the first series of fermentations 
and medium III, a richer medium, was designed on the 
basis of the data obtained with the first medium. The 
other media, most of which are more concentrated than 
III, were used few experiments to show what 
combinations of corn steep and lactose would be best 
for the new cultures under our experimental conditions. 

The pH of the media was adjusted with strong potas- 
sium hydroxide to 5.2 to 5.6 before sterilization. 

Lard oil, containing 3 per cent octadecanol, was used 


1 This investigation was supported in part by research 
grants from Bristol Laboratories, Inc. and Cutter Laboratories. 
Presented in part before the Fermentation Subdivision of the 
Agricultural and Food Chemistry Division at the 126th meeting 
of the American Chemical Society, New York, 1954. 

2 Fellow of the Sweden-America Foundation. 


as an antifoam agent. It was added as described in the 
individual experiments. Phenylacetic acid (PAA, a 
solution of the potassium salt containing 5 per cent 
PAA) was added as a precursor, usually in increments 
of 0.05 per cent beginning at 24 hours and at intervals 
of 24 hours thereafter until near the end of the fermen- 
tation. From 4 to 6 additions were made giving a total 
of from 0.2 to 0.3 per cent. In a few experiments, a 5 
per cent solution of 8-phenylethylamine (PEA) neutral- 
ized to pH 6.0 with H.SO, was used as precursor. When 
extra lactose was added to the fermentations, a 15 per 
cent W/V solution was used. Ammonium acetate was 
added as a 20 per cent solution. 

The flasks were inoculated with 4 ml of a mycelium 
suspension grown in medium containing 6 per cent 
dextrin and 2 per cent corn steep solids. One hundred 
ml of the medium in a 500-ml Erlenmeyer flask was 
inoculated with 5 ml of a spore suspension and the flask 
was shaken for 40 to 48 hours. The spore inoculum was 
prepared in the following way: Flat 6-ounce bottles con- 
taining about 35 ml of medium (6 per cent honey, | per 
cent Difeo Bacto-peptone, 2 per cent agar) were seeded 
with spores from a soil stock. The bottles were incubated 
on the flat side at 25 C for 7 to 10 days for growth and 
sporulation and were stored at 4 C until needed. The 
spore suspension was made by adding 25 ml of sterile 
water to a bottle and loosening the spores from the 
agar surface with an inoculation loop. 

Analytical methods. Samples of the broth were taken 
from the fermentations at desired intervals and the pH 
was measured with a glass electrode. After filtration, 
certain other analyses were made on the broth. 

The penicillin titer was determined by a modification 
of the cylinder-plate method of Schmidt and Moyer 


TaBLE 1. Composition of media used for penicillin production 














Medium 
Component* ——— 
I m | mm | wv | Y 7 Me 
a Pie g per 100 ml 
Corn steep solids (C. 8. 8.)... 2.0 |2.0 |2.5 |3.0 3. 0 3.5 
ere ee 2.5 4.0 |4.0 |4.0 5.0 5.0 
Sodium sulfate or sodium thio- | | 
sulfate pec 0.1 0.1 0.1 (0.1 0.1 (0.1 
Ratio C. 8. 8S. per lactose. . aa 0. 5 0.63/0.75 0. 6 0. 7 
*In addition, the medium contained 0.4 per cent CaCO; 


unless otherwise stated. 
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(1944) with Micrococcus pyogenes var. aureus H as the 
test organism. Residual sugar in the filtered broth was 
determined (after hydrolysis at 120 C for 30 minutes 
with 1 N HCl and neutralization) according to the micro 
method of Shaffer and Somogyi (1933). Soluble nitrogen 
in the broth was determined by the micro method of 
Johnson (1941), nitrogen in the washed and dried 
mycelium by the method of Hiller, Plazin, and van 
Slyke (1948), and ammonia in the filtered broth by a 
modification of the method of Umbreit and Bond 
(1936). One-half ml of the broth was made alkaline with 
saturated sodium carbonate solution, the ammonia was 
removed by aeration, collected in standard dilute 
sulfuric acid, and nesslerized according to Johnson 
(1941). 

Residual fat in the broth was extracted by ether 
from a slightly acidified sample (50 to 100 ml) in a 
250-ml separatory funnel. The ether extract was trans- 
ferred to a weighed 100-ml Erlenmeyer flask, the ether 
was evaporated, and the fat dried to constant weight 
at 105 C. 

Fat in the mycelium was obtained by washing with 
ether to remove adhering oil, drying, grinding, digesting 
with boiling methanol, and extracting with ether. The 
ether was removed from the extract and the residual 
solids were dried and weighed. 

The iodine numbers of residual and mycelial fat were 
determined according to Rosenmund and Kuhnhenn 
(1923). 

When mycelial dry substance was determined on 
samples to which no oil had been added, the broth was 
acidified first to dissolve CaCO; and other insoluble 
salts formed during fermentation. The mycelium was 
filtered off on a Buchner funnel, washed with water, 
transferred to a weighed Petri dish, and dried to con- 
stant weight. Nitrogen in the mycelium was determined 
by the Kjeldahl method. 

Preliminary tests on penicillin production by different 
strains. The most promising new pigmentless strains, 
W50-935, W50-1583, W51-20, and W51-616, were tested 
simultaneously on medium I with PAA as precur- 
sor and lard oil as defoamer. Average yields of 1110 
(units) per ml were obtained with W50-935 and 1270 
u per ml with W51-20. The yields of the other cultures 
were only about half of these values, quite in agreement 
with the values obtained in the Botany Department. As 
similar results also have been reported by Soltero and 
Johnson (1954) in a synthetic medium, only the two 
higher-yielding strains were given further study. One of 
the best of the older cultures, W49-133, was included 
for comparison. 

Since these cultures had been selected with PEA as 
precursor, some preliminary tests were made comparing 
it with PAA. Culture W49-133 was used in these tests. 
PAA proved to be as good a precursor as PEA, or 
possibly slightly better. It gave the best results when 
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added in small amounts beginning at approximately 94 
hours after inoculation and continuing at 24-hoy 
intervals during fermentation. A total of 0.3 per cent of 
PAA had to be added as compared to 0.15 per cent for 
PEA. Under such conditions PAA gave 1280 u per m! 
as compared to 1180 u per ml for PEA. These observa. 
tions are in agreement with results obtained earlier by 
Singh and Johnson (1948) with culture Q176. No im. 
provement in penicillin production was obtained when 
combinations of PEA and PAA were used. 

PEA proved to be toxic in many cases when added at 
the beginning of the fermentation. Thus, it almost com- 
pletely inhibited growth and gave penicillin yields of 
less than 500 u per ml when 0.25 per cent was added at 
0 hour or at 24 hours. An inhibitory level of PEA also 
could be built up by adding slightly more than 0.05 per 
cent of PEA at 0 hour and every following 24 hours. The 
maximum yield dropped to about 900 u per ml. The 
toxicity was not due to the presence of impurities, as 
freshly distilled colorless PEA was as toxic as the yellow- 
colored technical product. By adding PEA before 
sterilization, the toxic effect was eliminated partly. This 
indicates that, during sterilization, PEA is either com- 
bined with some compound in the medium to form a 
less toxic substance, or it is changed into a less toxic 
but still active precursor. 

After these preliminary tests, a series of runs were 
made with three of the cultures. The results are sum- 
marized in table 2. All of these cultures gave similar 
penicillin yields. W51-20 seemed, however, to be slightly 
better than the others. Although promising, W51-20 
was not used in further tests because of its somewhat 
irregular behavior and poor sporulation. While this 
work was in progress, Backus and Stauffer (1955) iso- 
lated several promising substrains of W51-20. Two of 
these, W51-20F3 and W51-20F3-64, did not possess the 
troublesome qualities mentioned above and were used, 
therefore, instead of their parent. 

Importance of amount of inoculum. Results from a 
great number of experiments indicated that some of the 
variations in penicillin yield depended upon variations 


TaBLE 2. Penicillin production by strains 
Chrysogenum (Medium I) 


of Penicillium 





| | | | 
| No. of | | pH During | Lard 





- Penicilli | Ti t rari F 
Culture | Runs | Siecle | eer nfl | Production | ae 
Ze eae 
u/ml | hr | | ml 
| | | 
W49-133 i 3 1480-1500 | 114-119 | 7.3-8.1 | 0.75 
| avg. 1490 | 
W50-935 4 | 1300-1700 | 114-119 7.3-8.0 | 0.75 
| avg. 1515 | | | 
| | 
W51-20 3 | 1340-1770 | 114-119 | 7.3-8.0 0.75 





| avg. 1630, 


*0.1 ml oil was added at 24 hr and usually 0.2 ml every 24 
hr thereafter. 
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Inoculum, mg. dry mycelium/100 ml. 
Fic. 1. Influence of size of inoculum on penicillin production 


in the amount of inoculum. Figure 1 shows the relation 
between inoculum size and penicillin yield. A 48-hour 
inoculum of both W49-133 and W51-20F3 was used. 
The different points on the graphs correspond to 1, 2, 4, 
and 8 ml of inoculum, containing 15 mg of dry mycelium 
per ml. Maximum penicillin yields were obtained with 
the two highest amounts of inoculum. With a smaller 
inoculum, a slightly higher yield was obtained at 110 
hours than at 86 hours. 

It is evident that the usual amount of inoculum, 4 per 
cent by volume, was too low for maximum yield. In 
order to obtain the best results with this amount, the 
inoculum should contain about 15 mg of dry mycelium 
per ml. An inoculum of 5 to 6 per cent by volume was 
indicated, especially for W51-20F3 which appears to 
require a larger inoculum for maximum yield than does 
W49-133. Therefore, 5 ml of inoculum was used in later 
experiments. Culture W51-20F3 was a distinctly better 
penicillin producer at all levels than W49-133. 

A thick inoculum can be obtained by inoculation with 
a small number of spores and allowing a long growth 
time, or by inoculation with a large number of spores 
and allowing a shorter growth time. In shaken flask 
fermentations, inocula developed in these two ways will 
be very different because of the varying number of 
mycelial units. An inoculum from a small number of 
spores has a tendency to form big pellets in the final 
fermentation and to give low yields. In pilot plant 
fermentations this may not be of so great importance as 
the mycelium is partly broken up by the agitator in the 
tank. 

Effect of supplements on penicillin yields with medium 


I, Since analytical data of previous runs indicated that 
both ammonia and lactose were exhausted before the 
end of the fermentation, additions of these compounds 
and also of oil were made.’ The results from the various 
additions are given in table 3. Lactose had no appreci- 
able effect but oil increased penicillin production 300 u 
per ml or about 25 per cent (Run 28). In Run 30 the 
increase was nearly 45 per cent. Without oil, the penicil- 
lin maximum was reached in 111 hours after which the 
penicillin yield declined to 760 u per ml at 135 hours. 
With oil, the penicillin content reached 1148 u per ml in 
111 hours, rose to 1330 u at 135 hours, and then fell to 
1210 u at 159 hours. Oil gave not only faster penicillin 
production but it also prolonged the period of pro- 
duction. 

Addition of ammonium acetate at the lower level (100 
mg) had no appreciable effect; however, at 250 mg per 
flask an increase of nearly 20 per cent over the oil 
figure was obtained. The higher level of ammonium 
acetate is equivalent to about twice the maximum 
amount of ammonia nitrogen present in the usual corn 
steep medium (figures 2 and 3). Perhaps, under more 
carefully controlled conditions, a mycelium of higher 
nitrogen content and presumably greater activity could 
be obtained. 

Oil utilization and composition of mycelium. When the 
residual oil was separated from the broth in fermenta- 
tions with culture W49-133 (table 2) about 250 mg of 
fat per flask was recovered. Therefore, about 75 per 
cent of the oil was utilized since 1.1 ml or 1.0 g had been 
added to each flask. The recovered fat was crystalline 
in nature and had almost the same acid number as the 
fatty acids from alkali-hydrolyzed oil. This indicated 
that it was composed almost exclusively of free fatty 
acids. The iodine number was nearly constant for the 
three samples, varying from 58.6 to 59.9. This is lower 
than the iodine number of the added oil, 65.8, which 
shows some preferential utilization of the unsaturated 
part. Oil recovered from other flask experiments gave 
similar results. As a rule, the best utilization of the oil 
occurred when it was added in small portions every 24 
hours. When 0.5 ml of oil was added at one time, forma- 
tion of pellets of calcium soap was very marked, and 
this necessarily affected the utilization of the fatty 
acids. 

The effect of oil and lactose additions on the amount 
of mycelial dry substance formed is given in table 3. 
The lowest mycelial dry weight was obtained when no 
additions were made to the medium. When oil or lactose 
was added, nearly 50 per cent more mycelium was 
formed. The per cent of nitrogen in the mycelium was 


3 An increased production of penicillin from the addition of 
oil has been reported by a number of investigators. We have 
reviewed the literature on the subject recently (Anderson, 
Tornqvist and Peterson, 1956) and will not repeat a discussion 
of it here. 
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TABLE 3. Effect of supplements on penicillin yields and mycelium composition (Culture W49-133, Medium 1) 
H of Penicilli Mycelium N 
Supplements Maximum Penicillin as “tg - Mycelium Dry wt NN _ Rene : 
Direct Calculated 
wml. hr g/100 ml mg/100 ml meg 100 mt 
Run 28 
None....... 1140 | 131 7.2-8.2 1.31 5.2 68.1 89.2 
Lactose*........ 1210 131 7.2-7.4 1.97 4.8 94.3 103.7 
Lard oilt..........-. 1440 131 7.2-8.0 1.92 5.4 102.7 96.5 
Run 30 
MME tence es Gent 920 111 7.2-7.7 Not determined 
[O.S 1330 135 7.2-7.6 Not determined 
Lard oil and NH,C,H;0.t 
(a). 1420 135 7.2-8.1 Not determined 
TAPR CCS ac custe aiens 1560 159 7.2-8.1 Not determined 
* Lactose: 0.3 g at 48 hr, and so forth; total 1.2 g/100 ml. 
+ Lard oil: 0.2 ml at 24 hr and every 24 hr thereafter; total, 1.1 m1/100 ml of medium. 
t NH,C2H;02: (a) 25 mg at 48 hr and so forth; total 100 mg/100 ml. 
(b) 50 mg at 48 hr. and so forth; total 250 mg/100 ml. 
W 49-133 
N in Mycelium 
, - —<———=— W 51-20 F3 
pH “\P 8.07 a2l0.07 
2500F (ox s 40°) 8 
ct ! \ faa 4.0- 
r\ ya = 
Nae og \ 7.04 9% 9.04 
‘es > oe 
2000+ | - a + 2000 
a j ry £ \ = 
£ 2% 6.0- Zz 8.0- Sugar 83.04 
3 ‘ x3) 
g 4 E 
=1500F | - 1500 > 
2) 5.04 - . 
r=] 3 4 
& $2.04 
a e 
\ . = 
1000+ 4.0- , Nitrogen in } 1000 Z 
\C Filtrate 
_— =| 
1.07 
500 r 500 
+<6 
1 i i ij i 1 i it - i 
























0 30 60 90 120 150 0 


Fic. 2. Chemical changes in penicillin fermentations (Medium III) 


highest with added lard oil and lowest when lactose was 
added. 

The amount of nitrogen in the mycelium can be ob- 
tained in two ways, either from the dry weight of the 
mycelium and its nitrogen content or by the difference 
between the total nitrogen and the nitrogen not taken 
up from the medium. Results from such calculations are 
given in table 3. The two methods check fairly well 
except for the fermentation on the basal medium. 
Values calculated from the nitrogen uptake should be 
approximately 5 to 10 per cent higher than those ob- 


30 60 90 120 150 0 
Time, hrs. 


30 60 90 120 150 


tained from the weight and nitrogen content of the 
mycelium because of the dilution that resulted from 
additions of precursor and lactose. 

Fermentation of a richer medium. The results obtained 
with medium I indicated that this medium was too 
dilute to give maximum penicillin production. There- 
fore, the richer medium III was used for some further 
studies. The superiority of the more concentrated 
medium was obvious from the first experiments. Yields 
from 1400 to 1870 u per ml were obtained with culture. 
W49-133 and from 2000 to 2800 u per ml with culture 
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W51-20F3. The average for the two cultures was about 
1550 u per ml and 2400 u per ml, respectively. Although 
the variation between different runs amounted to as 
much as 20 per cent, the variation between individual 
flasks in a particular run seldom amounted to 10 per 
cent. 

Chemical changes in typical fermentations with 
cultures W49-133 and W51-20F3 in this medium are 
shown in figure 2. The more rapid and higher penicillin 
production of W51-20F3 is especially noticeable. The 
metabolic rate of this culture was lower than that of 
W49-133 as indicated by its slower utilization of lactose 
and ammonia. The more even pH plateau of W51-20F3 
on the two media seems also to be characteristic of this 
culture. 

Of interest also are the changes in the nitrogen con- 
tent of themycelium. Up toabout 30 hours, there was not 
only a rapid increase in weight of mycelium, but the 
nitrogen content of the mycelium rose to a maximum of 
around 10 per cent. It then decreased to about 6 per 
cent at the end of the fermentation. The decrease in 
nitrogen content was not the result of a loss of nitrogen 
from the mycelium as is shown by the constant level of 
nitrogen present in the filtrate. Other data show that 
the drop in per cent of nitrogen is balanced by a cor- 
responding increase in weight of mycelium. While it 
may be that nitrogen compounds are excreted and then 
reabsorbed to make the new mycelium, the over-all 
phenomenon is one of translocation of nitrogen within 
the mycelium. 





Fic. 3. Chemical changes in graded media (Culture W51-20F3-64) 


The data in figure 2 show that the shift in nitrogen 
content is associated with penicillin formation. Penicil- 
lin appears in the medium when the nitrogen content of 
the mycelium reaches a maximum, and continues to 
form as the nitrogen content falls, and ceases when the 
latter approaches a low, constant level. Perhaps at this 
time the forms of nitrogen in the mycelium are pre- 
dominantly of an inert chitinous type. A systematic and 
detailed study of the forms of nitrogen in the mycelium 
at the two stages should be highly informative. 

Effect of oil and calcium carbonate additions to medium 
ITI. Because of the great stimulation of penicillin pro- 
duction which was obtained by adding oil to medium I, 
similar experiments were made with medium III. As 
preliminary tests indicated that oil depressed penicillin 
production in medium III when only 0.1 per cent CaCO; 
was present, fermentations were run with varying con- 
centrations of this compound. Table 4 shows some data 
from two of these experiments. For the sake of compari- 
son, medium I was also used with culture W49-133. The 
results with that culture will be discussed further. 

No great differences in penicillin production resulted 
from variation in CaCO; level when no oil was added. 
Real stimulation from the addition of oil was obtained 
on medium I when 0.4 per cent CaCO; was added to 
the medium. With less than 0.2 per cent CaCOs, ad- 
dition of oil had a depressing effect. As the oil is hy- 
drolyzed rapidly by the mold with formation of free 
fatty acids and glycerol, oil additions lowered the pH 
markedly, for example, 6.2 at 51 hours, when no CaCO; 





282 ERIK G. M. TORNQVIST AND WILLIAM H. PETERSON 


TABLE 4. Effect of oil and calcium carbonate on penicillin 
production 





| Max Penicillin Hr to Max 
Medium| 


| Yield, uml | Yield pH Range 
Culture No. | CaCOs : : ee ae 
| | No | oat | Ne | on | Nooil | Oil* 
| | 
| | . | 
W49-133 | IT | 0 | 965 | 318 | 98 | 98 7.0-8.17.0-6.9 
| 0.1 1030 | 710 | 98 121 (7.1-8.2/7.1-7.9 
| 0.2 |1020 1040 | 98 | 98 7.2-8.17.2-7.7 
| | 0.4 1100 /1480 | 98 | 98 7.3-8.07.3-7.8 
| TIL | 0.1 1680 | 730 121 121 7.1-8.07.0-6.7 
| | 0.4 /1620 1590 121 121 (7.2-8.117.2-7.7 
W51-20F3 | TIT | 0 |1890 | 470 115 115 6.8-7.56.8-6.6 
| | 0.1 1850 1260 115 115 |'7.1-7.6)7.0-7.4 
0.4 |1990 1935 115 136 7.2-7.67.3-7.5 
0.6 1950 2000 136 115 7.2-8.0)7.3-7.2 


{ 





*0.2 ml lard oil was added at 24 hr and every 24 hr there- 
after. 


was added. On medium III, no stimulation by oil was 
observed even when 0.4 per cent CaCO; was included 
in the medium. The depressing effect of oil on the peni- 
cillin production, however, was even greater with only 
0.1 per cent CaCO; in this medium than it was with 
medium I. 

The results with culture W51-20F3 on medium III 
were quite similar to those for W49-133. Penicillin pro- 
duction did not vary much with different amounts of 
CaCO; when no oil was used, but the tendency toward 
lower yields in the oil-low CaCO; fermentations was 
marked still more than for culture W49-133. The 
penicillin yields obtained when oil and adequate 
CaCO; were used were in no cases definitely higher 
than when no oil was added. 

The lower pH values that resulted from oil additions 
are of particular interest and are given in detail in 
figure 4. The pH dropped markedly with decreasing 
concentrations of CaCO; and reached a minimum 
around 65 hours. The pH drop was small and of about 
the same magnitude with 0.4 and 0.6 per cent CaCO; 
present in the medium. This would be expected as 0.4 
per cent CaCO; is about the amount needed for neu- 
tralization of the acids liberated from the oil, and 
additional CaCO; would be of no benefit. With no 
CaCO; the pH never reached the level for good peni- 
cillin production, that is, pH 7 to 7.5. The same un- 
favorable but less marked pH picture was noted with 
0.1 per cent CaCO; in the medium. The variation in 
penicillin production was as striking as that for pH. 
The more even the pH values the better was the yield, 
a result that emphasized the long-recognized importance 
of proper pH control. 

Further data on strength and balance of media. The 
improvement in yields obtained with medium III sug- 
gested that even this medium might be too weak for 
maximum penicillin production by the pigmentless 
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Fic. 4. Effect of calcium carbonate on pH and penicillin 
production in medium containing oil (Culture W51-20F3, 
Medium III, Table 4). 


cultures. Therefore, some experiments were made jn 
which all six media listed in table 1 were used. 

Figure 3 shows the results from one of these experi- 
ments, in which culture W51-20F3-64 was used. This 
culture is one of a hundred single spore cultures selected 
from W51-20F3, and gave about the same yields as the 
parent culture in screening tests. As was the case with 
the other cultures, the penicillin yields increased with 
increasing concentration of nutrients up to medium V 
where the yield was 1980 u per ml. Medium VI which 
was slightly richer than medium V gave somewhat 
lower yields, probably because some other condition, 
such as air supply, had become the limiting factor. 
With better aeration as in pilot plant fermentors, it 
should be possible to use such a heavy medium with 
formation of more nitrogen-rich mycelium and higher 
penicillin yields. 

An interesting result from these fermentations is ob- 
served when data within each pair of media are com- 
pared. In each pair, the highest yields were obtained 
from the medium with’ the lowest corn steep-lactose 
ratio. From this, it appears that, in addition to a 
medium of optimal concentration, a proper balance 
must exist between corn steep solids and lactose in 
order to obtain maximum yields. The best value for 
this ratio seems to be about 0.6. 

The nitrogen content of the mycelium,‘ in general, 
increased with increasing concentration of corn steep 
solids. In general, the mycelium with the highest nitro- 


‘The determination of mycelial nitrogen on samples from 
shaken flasks was somewhat difficult. During the early stages in 
the fermentation, the amount of mycelium was small. During 
later stages it was easy to obtain the actively growing mycelium 
in the flask mixed with old mycelium which had been sticking 
to the wall of the flask. Great care was taken to avoid this, but 
it was not possible to avoid such mixing in every case. This 
might explain some unexpected irregularities in the curve for 
mycelial nitrogen. 
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gen content was also the best penicillin producer. The 
nitrogen content reached a maximum around 45 to 50 
hours and then fell steadily for about 50 hours, after 
which it remained relatively unchanged. The fall in 
nitrogen and a steady or slowly rising pH are the out- 
standing features of the penicillin phase. It is probable 
that maximal penicillin yields will be obtained if and 
when these two factors can be controlled. The culture 
is, of course, the prime factor, but maintenance of a 
vigorous physiologic state is also of great importance. 


SUMMARY 


Some new pigmentless strains of Penicillium chrys- 
ogenum have been tested for penicillin-producing 
ability on corn steep-lactose media in shaken flasks. 
The use of a suitable precursor as well as the impor- 
tance of using a proper inoculum was investigated. 

Yields up to 1150 u per ml were obtained on a 
standard medium [2 per cent corn steep solids (C. 8.8.) 
and 2.5 per cent lactose] with the best culture. Addition 
of oil, preferably in small portions every 24 hours 
during fermentation, stimulated penicillin production, 
giving yields of about 1800 u per ml. More mycelium 
and Kigher yields (up to 2800 u per ml) were obtained 
ina richer medium (2.5 per cent C. 8S. 8., 4 per cent 
lactose). Oil did not stimulate penicillin production in 
this medium, indicating that the oil acted primarily as 
an extra source of energy. The effect of oil in both 
media depended upon the amount of calcium carbonate 
present. If less than 0.4 per cent calcium carbonate was 
present, oil depressed the yield because of the low pH 
that followed the rapid hydrolysis of the oil by the 
mold lipase. Experiments in graded media indicated 
that a C. S. S. concentration of about 3 per cent and a 
ratio between C. 8. 8S. and lactose of 0.6 gave optimal 
results. 

Penicillin production was associated in all cases with 
a decrease in the nitrogen content of the mycelium 
from approximately 9 per cent to approximately 6 per 


cent. This decrease was not the result of a net excretion 
of nitrogen, which indicates that more mycelium of 
lower nitrogen content was formed. A mycelium of high 
nitrogen content and a suitable pH are two factors 
favorable to good penicillin production. 
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Previous studies have shown that Rhodotorula gracilis 
scapable of forming large quantities of fat under suit- 
able conditions (Enebo et al., 1946; Pan et al., 1949; 
Steinberg and Ordal, 1954a). It also has been demon- 
trated that growth and fat formation takes place in 
two distinct phases (nebo et al., 1946). Steinberg and 
Ordal (1954a, 1954b) have studied the fattening phase 
in some detail; however, very little is known about the 
optinum conditions for growth of this organism. 

There is, in general, a lack of accurate published in 
formation on the effects of pH, temperature, and aera- 
tion on the growth of yeasts. Only a few studies have 
appeared in the literature describing the use of pH con- 
trolling equipment in fermentation studies (Finn et al., 
1950; Kempe et al., 1950; Neish and Blackwood, 1951; 
Maxon and Johnson, 1953; Lakata, 1954; Steinberg 
and Ordal, 1954a; McKee, 1955). In most cases only 
the initial pH was adjusted and observed and, where 
temperature or other conditions were variable, gener- 
ally no pH control was used. 

There are no temperature studies reported in the 
literature for R. gracilis. Enebo et al. (1946) used a 
temperature of 28 C for both growth and fat formation. 
Every known investigator since that time has used this 
temperature. 

Several investigators have made quantitative studies 
on the effect of aeration on yeast growth (Olson and 
Johnson, 1949; White and Munns, 1951b; Maxon and 
Johnson, 1953). The only study on the effect of aera- 
tion on R. gracilis was made by Pan et al. (1949) whe 
investigated the effect of air flow rate on combined 
growth and fattening. An increase of air flow rate from 
0.1 to 1 volume of air per minute had no effect on the 
eficiency of sugar utilization nor on fat content. No 
measure of the effective oxygen-absorption rate was 
given. 

(1950) and Chiao and 
Peterson (1953) reported on the efficiency of sugar 
utilization by R. gracilis. However, the medium used 


Agarwala and Peterson 


by these workers contained nonsugar carbon com- 
pounds which could be utilized by the organism, which 
makes any interpretation of their results equivocal. 

The object of this investigation was to determine the 
effect of pH and temperature on total amount and rate 
of growth of PR. gracilis under conditions of controlled 
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aeration. The efficiency of glucose utilization in a chem- 
ically defined medium was also investigated. 
MATERIALS AND METHODS 
Equipment 

The fermentor assembly, which consisted of a fer- 
mentation vessel, a controlled-temperature water bath, 
pH control equipment, and a system for aeration and 
agitation, has been previously described (Steinberg and 
Ordal, 1954a). The maximum temperature deviation 
was +0.5 C. The pH was continuously controlled 
within +0.1 unit with 1 N sodium hydroxide.. 

Oxygen absorption rates were determined by the 
sulfite oxidation method of Cooper et al. (1944). Pre- 
liminary studies indicated that an oxygen-absorption 
rate of 3.0 g oxygen per L of medium per hr was neces- 
sary for the organism to grow exponentially until the 
substrate became limiting. At an oxygen-absorption 
rate of 1.1 g per L of medium per hr, the growth was 
characterized by a short logarithmic phase followed by 
a sloping-off phase. When these latter data were plotted 
on linear coordinates, a straight line was obtained indi- 
cating that the oxygen concentration was limiting for 
the cell concentrations studied. Foaming of the medium 
was controlled by the addition of a few drops of a sili- 
cone emulsion antifoam agent.' 


Microbiological Methods 


The yeast used in this study was R. gracilis NRRL 
Y-1091. Stock cultures were carried on slants of the 
following medium: malt extract, 3 g; yeast extract, 
3 g; peptone, 5 g; agar, 20 g; and water, 1000 ml. 
Transfers were made every 3 months and the cultures 
were stored in the refrigerator. 

The liquid inoculum medium was a modification of 
that used by Enebo et al. (1946). This consisted of 
cerelose® (glucose monohydrate), 20 g; (NH,4)oSOx, 4 g; 
veast extract, 3 g; KH»,PO,, 1.5 g; MgSO,-7H.O, 1 g; 
NaCl, 0.5 g; CaCl.-2H.O, 0.3 g; FeCl;-6H.O, 0.005 g; 
H;C,H;0;- H20, 6.0 g; NaOH, 3 g; and water, 1000 ml. 
The cerelose was autoclaved separately to prevent ex- 
cessive browning of the medium which resulted when 
all of the ingredients were autoclaved together. 


1 Antifoam A, Dow-Corning Corp., Midland, Michigan. 
2 Corn Products Refining Co., Argo, I)linois. 
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The growth from a 3-day-old slant was used to inocu- 
late a shake flask and two successive transfers were 
made after 18-hr intervals at 32 C on a reciprocating 
shaker. Preliminary experiments showed that 32 C was 
near the optimum temperature for growth. The result- 
ing culture was used to inoculate the fermentor medium. 

In the studies on the effects of temperature and pH 
on growth, the composition of the fermentor medium 
was the same as the inoculum medium except that the 
citric acid and the sodium hydroxide were omitted, 
since no buffer was required. The amount of cerelose 
was reduced from 20 to 16 g per L. The final volume of 
the fermentor medium plus inoculum was 9.5 L. When 
the glucose content of the cerelose was corrected for 
water of hydration and free moisture, the final glucose 
concentration of the medium was in the range of 1.33 
to 1.46 per cent with a carbon/nitrogen ratio (C/N) 
of about 6/1. This was enough glucose to permit loga- 
rithmie growth to a yeast dry-weight concentration of 
about 0.9 g per 100 ml. At this level, when the glucose 
was nearly exhausted, there was a sharp break in the 
logarithmic growth curve. 

In the experiments on efficiency of glucose utiliza- 
tion, the media used were either a minimal synthetic 
medium consisting of the fermentor medium without 
yeast extract, or yeast-nitrogen base medium (Wicker- 
ham 1946, 1948) which contains all of the vitamins 
known to be required by yeasts plus smal] amounts of 
the amino acids, L-histidine monohydrochloride, pL- 
methionine, and pL-tryptophane. 

Dihydrostreptomycin sulfate (10 wg per ml of me- 
dium) was added to the sterile fermentor medium to 
control contamination. Rhedotorula species have been 
reported to be unaffected by streptomycin (Waksman, 
1949). In addition, it was found that the growth on 
solid media or in broth tubes was not affected in pres- 
ence of up to 5 to 10 times the streptomycin concentra- 
tion used in the fermentor vessel. 


Analytical Procedures 


The concentration of yeast in a suspension was deter- 
mined as the grams of dry weight in a 25-ml sample. 
Centrifuged and washed cells were dried at 100 to 105 C 
for 12 hr. Duplicate determinations were made on all 
samples. 

The Somogyi-Nelson procedure was used for the 
determination of reducing sugar in the media contain- 
ing yeast extract (Nelson, 1944; Somogyi, 1945). The 
anthrone reagent was used to determine the glucose 
concentration in the synthetic media (Roe, 1955). 


RESULTS AND DISCUSSION 
Effect of pH 


The range of hydrogen ion concentrations investi- 
gated extended from pH 2.5 to 7.5. In all cases, the 
temperature was held constant at 32 C and the aera- 
tion rate was 3.0 g of oxygen per L of medium per hr. 
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TABLE 1. Effect of pH on the rate of growth and total amount 
of growth of Rhodotorula gracilis at 32 C 


ie Generation Net Dey Fetahe Glucose Conc entration 
ime ss ~ 
Produced Initial Final 
hr g/100 ml % % je 
2.5 30.58 - 
3.5 2.15 0.849 1.46 0.01 
4.5 2.02 0.849 1.45 0.02 
5.5 2.18 0.857 1.45 0.05 
6.5 2.08 0.860 1.48 0.02 
7.5 6.72 - | 1.45 


The effect of pH on rate of growth and total amount of 
growth is shown in table 1. Generation times were cal- 
culated in the logarithmic growth phase by the equa- 
tion 

, 0801 ¢ 


"log W/W, 
where G is the generation time, W, is the weight of cells 
present after logarithmic growth was established, and 
W. is the weight of cells at time ¢. 

These data show that the growth rate varies very 
little over the range pH 3.5 to 6.5 with a suggested 
optimum at pH 4.5. However, the net dry weight of 
cells produced increased slightly up to pH 6.5. There is 
a marked reduction in growth rate between pH 3.5 and 
2.5, and between pH 6.5 and 7.5. Almost all of the glu- 
cose was consumed shortly after the end of the loga- 
rithmic growth phase, and all of the growth curves were 
characterized by a sharp break at that point. 

These results are quite different from those reported 
for the effect of pH on the growth rate and total amount 
of growth of Saccharomyces cerevisiae. Finn and Wilson 


(1954) found that the most rapid growth of S. cerevisiae . 


took place at pH 5.0. The generation times reported were 
2 hr at pH 5.0 and 2.5 hr at pH 4.5, indicating that the 
growth rate was affected markedly by pH. Olson and 
Johnson (1949) also reported that the initial pH had a 
pronounced effect on the final yield of S. cerevisiae. 


Effect of Temperature 


In these studies, the pH was held constant at 4.5 
while the temperature was varied in the range of 26 to 
38 C. The oxygen-absorption rate was 3.0 g per L per 
hr. The results are shown in table 2. 


TABLE 2. Effectof temperature on rate of growth and total amount 
of growth of Rhodotorula gracilis at pH 4.6 


Net Dry Weight of 


Temperature Cells Produced 


Generation Time 


C hr 


g/100 ml 
26 2.69 0.846 
29 2.27 0.843 
32 2.02 0.849 
35 2.30 0.842 
38 No growth 
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1956] GROWTH CHARACTERISTICS OF R. GRACILIS 


In contrast to the effect of pH, there is an increase in 
sowth rate with temperature with an optimum at 32 C. 
Yo growth took place at 38 C. A temperature decrease 
of 3C from the optimum resulted in an 11 per cent de- 
cease in growth rate, while a temperature increase of 
3(\from 32 C resulted in a 12 per cent decrease. These 
results are similar to those of White and Munns (195la) 
vho found that the growth of S. cerevisiae increased 
vith increasing temperature up to 30 to 36 C and then 
fell sharply. It also will be noted that in the range of 
% to 35 C there was no temperature effect on the net 
dry weight of cells produced. 


Efficiency of Glucose Utilization 


In this part of the investigation, the efficiency of glu- 
cose utilization by FR. gracilis was determined in chem- 
ically defined media with glucose as the sole source of 
carbon and energy. The temperature, pH, and aeration 
rate were held constant at 32 C, pH 5.5 and 3 g of 
oxygen per L of medium per hr, respectively. 

The three conditions investigated were as follows: 
(1) the inoculum produced in the inoculum medium 
described previously and inoculated into minimal syn- 
thetic medium containing glucose, ammonium sulfate, 
and mineral salts; (2) the inoculum produced in the 
minimal medium and the efficiency of glucose utiliza- 
tion determined in the same medium; and (3) the in- 
oculum produced in yeast nitrogen base medium and 
the efficiency also evaluated in this medium. 

As indicated in table 3, cells produced in yeast- 
nitrogen base medium exhibited a shorter generation 
time and the culture yielded a higher net dry weight of 
cells than did those grown in the minimal synthetic 
medium. Likewise, in the latter medium, the generation 
time was greater and the yield of cells less than that 
obtained when the same pH and temperature were 
used with the medium enriched with yeast extract 
(table 1, pH 5.5). 

The efficiency of glucose utilization, based on the 


TABLE 3. Rate of growth and total amount of growth of 
Rhodotorula gracilis in synthetic media at pH 6.5 
and 32 C 





ae) Net Dry Glucose. | 
Medi Inoculum : ane 2 Weight Concentration | Effi- 
ee Medium Time | of Cells aes | ciency* 
> ~. | % 
Produced | Initial | Final | 
<r : : Le on 
hr g/100 ml / % ; om 
Minimal Enriched | 2.96 | 0.572 1.33 | 0.01 | 48.3 
medium | 
Minimal 3.25 | 0.580 Ls 0.02 | 43.0 
medium 
Yeast ni- | Yeast ni- | 2.85 0.661 1.33 | <0.01 | 49.7 


trogen trogen 


base base 


* (Net yield of cells) X 100. 


(Glucose utilized) 
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glucose consumed, in the medium enriched with 0.3 
per cent yeast extract (table 1, pH 5.5) was 61.1 per 
cent. In the yeast nitrogen base medium, where glucose 
was essentially the sole source of carbon (the amino 
acids and vitamins in this medium collectively supplied 
only 0.03 g of available carbon per L), the observed 
efficiency was 49.7 per cent. The lower efficiencies ob- 
tained in the minimal synthetic media (43.3 and 43.0 
per cent) reflected the need for added nutrilites, both 
for a more rapid generation time and for a high effi- 
ciency in the conversion of carbon-containing com- 
pounds to cell material. 

Agarwala and Peterson (1950) reported yields of 71.1 
and 34.7 per cent when R. gracilis was grown on a beet 
molasses-corn steep liquor medium and on the syn- 
thetic medium of Olson and Johnson (1949) respec- 
tively. Chiao and Peterson (1953) obtained an efficiency 
of 45 per cent when this organism was cultured on a 
glucose-asparagine-citrate medium. These previously 
reported data, as well as the data presented in this 
paper, emphasize the importance of nonsugar carbon 
in the calculations of efficiency based on sugar (glucose) 
consumed. This has been discussed by Agarwala and 
Peterson (1949). The data also indicate that R. gracilis 
is able to convert substrate to cell material efficiently 
and warrant further investigation for the primary pro- 
duction of food or fodder yeast. 


SUMMARY 


The effect of pH and temperature on the rate of 
growth and total amount of growth of Rhodotorula 
gracilis NRRL Y-1091 and the efficiency of glucose 
utilization in chemically defined media with glucose as 
the sole carbon source were investigated. The rate of 
growth did not vary significantly over the range pH 
3.5 to 6.5, while the net dry weight of cells produced 
increased slightly over this range. The optimum tem- 
perature for growth was found to be 32 C at pH 4.5. 
Variations in temperature in the range 26 to 35 C had 
no appreciable effect on the total amount of cells pro- 
duced. An efficiency of glucose utilization of 49.7 per 
cent was obtained in a synthetic medium supplemented 
with vitamins and amino acids under controlled opti- 
mum conditions of pH, temperature, and rate of aera- 
tion. 
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esearch in these laboratories? and by others a 
(Abrams, 1948; Stahl and Pessen, 1953) has shown 
that fungi and bacteria 
films, whether the films 
films) or whether they 


greater degree of resistance than the aromatic 
Natural oils, fatty acid derivatives, and certain long. 
can deteriorate certain plastic chain dicarboxylates as plasticizers are readily attacked 
by microflora. Structural modification of the plasticize 


may make it fungus-resistant, but not necessarily re- 


are tested alone (unsupported 
are evaluated as coatings on 
fabric (supported films). Films may also be deteriorated 
by loss of plasticizer through volatilization. However, 
viny] film plasticized with equal parts of dioctylphthal- 
ate (DOP) and methyl] acetylricinoleate (P4) showed 
no stiffening after autoclaving for 24 hr, or exposure 


strated by the response of Aspergillus versicolor and 


gous sebacates (Stahl and Pessen, 1953). The same 
authors (1954) reported that 
for 8 days to oxygen, or exposure for 30 days to high polymers resist degradation by fungi. 
relative humidity and temperature’. 


Our studies? have shown that phthalate and phos- flexibility and breaking strength have been used in thes 


sistant to bacteria (and vice versa). This was demor- 
Pseudomonas aeruginosa to each of a series of homolo- 
internally plasticized 


Visual rating of growth of microflora and changes in 
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phate plasticizers are generally resistant to fungal at- 
tack, with the aliphatic-substituted compounds showing 


‘Presented at the Twelfth General Meeting, American 
Institute of Biological Sciences, East 
Sept. 7-9, 1955. 

* Unpublished studies from 1945 through 1953 by L. Boor, 
Dorothy Beck Daoust, J. V. Harvey, M. Manowitz, and F. 
Meloro. 


Lansing, Michigan, 


laboratories as indices of deterioration of plastic films 
and coated fabrics. These observations were made 
following exposure to soil burial or by single-specie and 
mixed-spore suspension culture tests. These tests for 
evaluation of the deterioration of plastic films and 
coated fabrics on the basis of weight of coating and end 
use of the fabric have been found to be unreliable. 
Therefore, laboratory tests are being designed which 
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ill determine the probable effects of several types of 
«posure on the treatment, rather than the effects of 
the specific type of exposure under which the fabric 
wight be used. 

Methods for exposing coated fabrics are variable 
vith respect to duration of burial in soil and composi- 
tion of mixed-spore suspensions, 

In studies to establish appropriate methods’, there 
appeared to be a comparative correlation between 
results obtained from a 21-day mixed-spore culture 
exposure and a 14-day soil-burial exposure. The cri- 
teria used for deterioration were tensile strength, flexi- 
bility, and visual rating of fungus growth. However, no 
statistical test of correlation was carried out. 

The studies reported herein were initiated in 1953 
and are the result of a cooperative effort among four 
industrial laboratories and the Chemicals & Plastics 
Division, Quartermaster Research & Development 
Center. 

The objectives of these investigations were to deter- 
mine: (a) adequacy of previously used test procedures 
and criteria for evaluation 
coated fabrics; (b) whether a base fabric subject to the 
cellulolytic activity of fungi should be treated with an 
appropriate fungicide even when coated with a nonsus- 
ceptible DOP); and (ce) 
whether partial substitution of DOP by a plasticizer 
subject to microbial deterioration (for example, P4) 
would require the addition of a toxicant to the base 


of mildew resistance of 


plasticizer (for example, 


fabric, the plasticizer, or both. 


EXPERIMENTAL METHODS 
Materials 


The coated fabrics tested were as shown in table 1.° 
The fabrics were coated with vinyl organosols formu- 
lated as shown in table 2. 

The cotton sheeting was coated on one side only with 
three coats of each of the above formulations. The first 
two coats were knife-coated with oven heat at 270 F. 
Oven heat was then raised to 350 F to flux the vinyl. 
The cotton duck was coated with three coats of the 
above formulations. The first two coats were applied to 
one side of the fabric at an oven temperature of 270 F. 
The fabrie was then reversed, and the other side was 
given one coat with an oven temperature of 350 F to 
flux the vinyl. 

The cotton sateen was coated with five coats of each 
of the above formulations on one side only. The first 
four coats were applied with the oven heat at 270 F and 
a fifth coat was applied with the oven temperature at 
330 F to flux the vinyl coating. 

Films & Filaments 


Section, Chemical & Plasties Division, Quartermaster Re- 
search & Development Center. 


3Coated fabrics were prepared by 
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TABLE | 
Untreated Cu-8-Treated | 
Cotton Base Cotton Base | Plasticizers & Toxicants 
Fabric Fabric 
Sheeting a) DOP 
Sheeting b) DOP-P4 
Sheeting c) DOP-P4 + Cu-8, PMA* 
Sheeting a) DOP 
Sheeting b) DOP-P4 
Sheeting c) DOP-P4 + Cu-8, PMA 
Duck a) DOP 
Duck b) DOP-P4 
Duck c) DOP-P4 + Cu-8, PMA 
Duck a) DOP 
Duck b) DOP-P4 
Duck c) DOP-P4 + Cu-8, PMA 
Sateen a) DOP 
Sateen b) DOP-P4 
Sateen c) DOP-P4 + Cu-8, PMA 
Sateen a) DOP 
Sateen b) DOP-P4 
Sateen ec) DOP-P4 + Cu-8, PMA 


* Cu-8 (copper-8-quinolinolate) and PMA (phenyl mercurie 
acetate). 1.0 per cent and 0.5 per cent, respectively, based on 
weight of plasticizer. 


TABLE 2 


Formulation (Parts) 


Material ee a ere te 
A B Cc 
Vinyl resin GAL enon Scaee ca, 100 100 100 
DOP Nee ee ee ua , 70 35 30 
Barium ricinoleate stabilizer. ..... LS 1.5 1.5 
PbSiO;z stabilizer......... sheath LS Lo} ES 
Solvent thinner. 53, sees As required 
P4 wee. 35 35 


DOP + Cu-8 (1% Solubilized Cu- 
8-quinolinolate based on weight of 


(05) 2) aa 7.0 
i) a ee ee ae a ee As required 
PMA (0.5% PMA based on weight of 


plasticizer)... ..2..00.555 wane ; 0.35 


Methods 


1. Mixed-spore culture test, 21 days: The mixed 
spore suspension was comprised of spores of Penicillium 
piscarium (BPI 15.1), Penicillium luteum (BPI 66), 
Aspergillus flavus (QM 4m), Aspergillus niger (USDA 
TC-215-4247), and Trichoderma viride (BPI T-1). The 
coated fabrics, prepared as cut-strips (1 in x 6 in) with 
long dimension parallel to the warp, were placed on 
mineral salts agar‘ and inoculated with the mixed-spore 
suspension. After incubation for 21 days the strips were 
removed, washed, conditioned at 73 + 2 F and 50 + 4 

*NH,«NO;, 3.0 g; KH2PO., 1.0 g; MgSO..7H.0, 0.50 g; 
KCl, 0.25 g; agar, 15.0 g; distilled water, 1,000 ml. 
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per cent relative humidity for 24 hr and broken on the 
Scott Tester® or tested for stiffness in a Ciark Flexibility 
Tester.® 

2. Soil-burial, 14 days: 114 in x 10 in strips were sub- 
jected to soil burial in a tropical chamber for 14 days. 
The tropical chamber was held at 86 + 2 F and 85 + 2 
per cent relative humidity. Soil burial was followed by 
determination of breaking strength retained (Scott 
Tester using the cut-strip method and conditioning the 
fabric strips at 68 + 1.8 F and 50 + 2 per cent relative 
humidity for 24 hr), and measure of stiffness of the 
fabric on the Clark Flexibility Tester. 


RESULTS 


The data are summarized in the scatter diagrams 
shown in figures 1 through 4. The figures show the 
average data reported by each laboratory for breaking 
strength and stiffness of these coated fabrics. The agree- 
ment of the data relative to the suggested tolerances 
for these physical tests may be deduced from these 
graphs. An increase in stiffness not exceeding 30 per 
cent, and a loss in breaking strength not in excess of 
15 per cent are proposed as tolerances for each of these 
physical tests. In the graphed data, these tolerances 
are represented by horizontal lines drawn at 30 and 
85 per cent, as required. These allowances are not to be 
considered final but, rather, are subject to change 
should other tolerances be considered more character- 
istic and/or realistic. 

The results for each of the five participating labora- 
tories are presented in all cases except, as in figures 3 
and 4, where four laboratories reported. 

Soil burial and breaking strength retained (figure 1). 
Unprotected duck and sateen coated with vinyl] plasti- 
cized with DOP are variable in resisting microbiological 
deterioration. This is evidenced by the wide scatter 
obtained, showing that some laboratories would pass 
while others would fail the same fabric relative to the 
tolerance established. Although all laboratories report 
more than tolerable loss in breaking strength for a 
similar coating applied to sheeting, the range of average 
breaking strength is rather wide. 

No substantial difference is indicated for DOP + P4 
in vinyl applied to the base fabrics. When the plasticizer 
protected with Cu-8, and PMA is applied in viny] coat- 
ing to unprotected base fabric, or when protected base 
fabric is coated with DOP; DOP + P4; and DOP + 
P4 + Cu-8, and PMA, a somewhat larger measure of 
resistance to mildew is evidenced by this method of test. 
In these instances, the reproducibility between labora- 
tories, though poor, is enhanced as indicated by the 
slightly reduced scatter. This method, soil burial, fol- 
lowed by breaking-strength determination, appears to 


®Scott Testers Inc. Providence, R. L. 
®*Thwing-Albert Instrument Co. Philadelphia 44, Pa. 
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Fic. 1. Seatter-diagram of per cent breaking strength re- 
tained after 14-day soil burial for each of 3 coated fabries re- 
ported by 5 laboratories designated as O, 4, D, O, and @. 























@ 1105 - q 
3 ra ; qa," 
3 100 o9g8 ob@g o PO mms 
; a ; 
o 90 4 D o Oo 5 a o 
g o > q i + 
3 80 4 » 
, » Oo 
> , , 
S 704 . » 
- " @ 
wi -~-60- 9 
a o fe) 
4 
Qa 504 , 
4s » 
g , , FAIL 
tI 
os 6S a 
c 
x ie) a 
3 304 - a? 
¥ o 
: 204 o 
= 104 , 
é | 
cS E 
eo Stith iig|6g ff, Ftd 04 fed, Pte 
prasriczeR 8 S Sala $ Se 6 $3a/8 « 8 $$%e\6 o 
abe! 8 3¢ 882 88¢ 8 85) 8 88 
BASE FABRIC UNTR TR Cu-8 UNTR TR Cu-8 UNTR TR Cu-8 
SHEETING DUCK SATEEN 


Fic. 2. Seatter-diagram of per cent breaking strength re- 
tained for 3 coated fabrics after 21-day mixed spore culture by 
each of 5 laboratories designated as O, 4, 0, O, and @. 


be poorly reproducible and hence unfeasible as a meas: 
ure of deterioration for these coated fabrics. 
Mixed-spore culture and breaking strength retained 
(figure 2). Unprotected sheeting and duck coated with 
vinyl plasticized with DOP only were found by all 
laboratories to deteriorate in excess of tolerance. This 
was found also to be the case for sateen by all but one 
laboratory. When P4 supplemented DOP as plasticizer, 
all laboratories reported greater than tolerable loss in 
breaking strengths. The breaking strength of unpro- 
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Fig. 3. Seatter-diagram of per cent stiffness increase after 
21-day mixed spore culture for 3 coated fabries by each of 5 


























laboratories designated as O, (0, D, O, and @. 
90 5 fe) Ld 
, 807 r| 
4 o 
2 70- : 
2 
% 604 ° : FAIL 
% rs) 
3 504 & a 
* Y 
2 
& 404 §& q 
i » e) 
: » + 
wy 30 rs 
dq 
» 
5 204 # = « P 
- op? » Oo € g 
o 4 BR 
g . p q q o 4 8 PASS 
id es o of 4 
t o4 oo08 g Bos g 
nv 
> ag o we q ee q 
* -104 o 4 
6 
-20 4 (4) (4) (4) 
nucrean $ 2 cig 22% STIMEET: 3 2 f3|, f 83 
m= Saar eee BSc $e 3 § gef 882 
8 8 8 3 3 
BASE FABRIC UNTR TR Cu-8 UNTR TR Cu-8 UNTR TR Cu-8 
SHEETING OUCK SATEEN 


Fia. 4. Seatter diagram of per cent stiffness increase after 
14-day soil burial of 3 coated fabrics by each of 5 laboratories 


designated as O, 4, BD, O, and. 


tected sheeting coated with vinyl containing DOP + 
P4 + Cu-8, and PMA was reported by one laboratory 
to be slightly in excess of tolerance. Similar results for 
both duck and sateen were reported by one other 
laboratory. 

All coatings applied to protected sheeting resisted 
deterioration. One laboratory reported more than toler- 
able loss in breaking Strength for protected duck and 
sateen plasticized with DOP + P4, containing Cu-8 and 
PMA. 
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Mixed-spore culture followed by breaking strength 
retained as the criterion for deterioration is poorly re- 
producible, as evidenced by this wide scatter. There- 
fore, this combination of test and criterion is unaccept- 
able as a procedure for test. 

Mixed spore culture and stiffness increase (figure 3). 
Data obtained from 21-day mixed-spore culture fol- 
lowed by flexibility measure afforded better reproduci- 
bility than the procedures reviewed previously. It is 
evident that when Cu-8 and PMA are added to plasti- 
cizer of vinyl applied to unprotected base fabrics, or 
when plasticizer with or without toxicants is applied in 
coats to Cu-8-treated base fabrics, deterioration does 
not occur. This is indicated by loss in flexibility not 
exceeding the tolerance. Further, the reduced scatter 
of the average data indicates a more consistent per- 
formance of these coated fabrics, as evaluated by this 
procedure. A wide scatter ranging from a tolerable to a 
greater-than-tolerable change in stiffness is notable 
when the mixed plasticizer (1:1 of DOP and P4) was 
used for vinyl coated on unprotected sheeting, duck 
or sateen. Sheeting, too, coated with vinyl plasticized 
with DOP alone afforded a wider-than-desirable scatter. 

Reproducibility in performance of coated fabrics 
subjected to mixed-spore culture, followed by deter- 
mination of stiffness, is better than when soil-burial or 
mixed-spore culture was followed by breaking-strength 
determination. 

Soil burial and stiffness increase (figure 4). Soil burial 
followed by flexibility measure afforded the best repro- 
ducibility for evaluation of deterioration of the coated 
fabrics. Although scatter of the data for some of the 
coated fabrics is inclined to be wide, the data reported 
are completely consistent and reproducible within the 
established tolerance. 

Therefore, it would be reasonable to assume that 
these coated fabrics (sheeting, duck, and sateen) and 
the coating as applied may best be evaluated for micro- 
biological deterioration by using soil burial followed by 
stiffness measure. 

Discussion 

Examination of the data indicates that the least vari- 
able results, predicated on range of scatter, were ob- 
tained with Clark flexibility measure following soil 
burial of these coated fabrics. Greater variability is 
evident with flexibility measure after mixed-spore cul- 
ture and with breaking-strength determinations after 
either soil-burial or mixed-spore culture. 

The particular biological conditions attending fabric 
deterioration in soil, further complicated by unmeasured 
integrated physico-chemical processes, have never been 
fully investigated and, therefore, are not clearly under- 
stood. Because of this, spore-culture techniques have 
been developed to measure deterioration with the 
thought that such techniques can be closely controlled 
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and replicated. This implies a complete understanding 
of biological conditions pertaining to degradation of 
fabric in such test procedures. An understanding of the 
deteriorative processes in culture, in fact, still remains 
to be achieved. Mixed-spore cultures have been recog- 
nized by some to be more efficacious than single cultures 
of fungi and these, in turn, more desirable than soil 
burial. The mixed-spore population was regarded to be 
more representative of conditions in nature. If ‘‘repre- 
sentativeness” of biological material is desirable, then 
the use of a mixed-spore culture in preference to soil is 
rather inconsistent since the soil affords the more com- 
plete biological spectrum for deterioration evaluation. 

Further, the mixed-spore suspension was developed 
to test treated fabrics against a wider microfloral spec- 
trum. This was believed to afford a more complete eval- 
uation of deterioration than would be possible with 
single cultures. The culture of even a single fungus on a 
cellulosic substrate is accompanied by an exceedingly 
complex and incompletely understood physiologic ac- 
tivity. The influence of several species of fungi each 
upon the other in competing for this cellulosic substrate 
is even more complex and not necessarily additive. 

In deterioration testing, variation of biological mate- 
rial (substrate and test organism) is axiomatic. The 
universality of this variation permits no more than an 
empiric procedure and evaluation at this time. Culture 
tests, and particularly the mixed-spore suspension, 
therefore, are no less empiric than soil burial. 

The soil-burial procedure was found to be more re- 
producible than mixed-spore culture and, when coupled 
with flexibility measure, more diagnostic of deteriora- 
tion than when coupled with breaking-strength deter- 
minations. The dual nature of coated fabrics (base 
fabric and plastic coating) could possibly influence the 
criterion to be used for evaluation. The quantitative 
predominance of either the base fabric or the plastic 
coating might be the determining factor for the use of 
either breaking strength or flexibility measure. 

Breaking-strength determinations were more vari- 
able than flexibility measures following mixed-spore 
culture or soil burial. It is entirely possible that small 
deviations (less than 5 per cent) from tolerance for 
breaking strength or stiffness may not be significant. 
There still remain, however, a considerable number of 
breaking-strength determinations in rather serious dis- 
agreement. As all fabrics were prepared by one agency, 
the wide variability as evidenced by the scatter may be 
ascribed to: (a) those aspects of soil-burial and mixed- 
spore culture previously discussed; (b) variations in 
conditions between laboratories for test and procedure; 
and (c) personal variations in the reading of results. 

Most laboratories submitted data in a form which 
precluded statistical evaluation as it would apply to 
reproducibility. Although consideration of data in terms 
of scatter affords an excellent means of appreciating 
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TABLE 3 


Coated Fabric Method of Test 

Type Wt. of Thickness 
base oO 
fabric coating 


Procedure Criterion for evaluation 


Soil burial 
Soil burial 
Soil burial 
Soil burial 


I Light Light 
Il | Light Heavy 

Ill Heavy Light 
IV Heavy 


Flexibility 
Flexibility 
Breaking strength 


Heavy Flexibility 


trends for reproducibility, this can be regarded only as 
a substitute for detailed data. 

Breaking strength as a measure of degradation of 
fabrics is a basic determination, and its usefulness 
should not be discounted for coated fabrics. Compared 
to flexibility as here tested, however, breaking strength 
is not quite as reproducible. 

telatively light coatings on light-base fabrics, as here 
investigated, and heavy coatings on relatively light- 
base fabrics may be best measured for deterioration by 
the Clark flexibility measure. However, breaking- 
strength determination would possibly be more desir- 
able in evaluating degradation of light-coated heavy- 
base fabric combinations. If relative weights of coating 
and base fabric are factors in selection of an appropriate 
measure of deterioration, the test procedures shown in 
table 3 might be feasible. Further investigation is indi- 
cated to determine whether this relationship affords an 
appropriate means for selection of test and procedure 
to determine mildew resistance of each type of coated 
fabric. 


CONCLUSIONS 


1. Testing for mildew resistance of these coated fab- 
rics prepared with vinyl organosols fluxed on to the base 
fabric should be predicated on stiffness by the Clark 
flexibility measure following soil burial for 14 days 
incubation at 86 + 2 F and 85 + 2 per cent relative 
humidity. More consistent results were obtained with 
this procedure and measure than with any other method 
or criterion investigated. 

2. Coated sheeting, duck, and sateen may be pro- 
tected adequately against microbiological deterioration 
by addition of a fungicide to the base fabric or to the 
plastic coating. No evidence was obtained to indicate 
that both the base fabrie and the coating should be 
protected. 

3. In view of the fact that adequate protection 
against physical deterioration was obtained with 
copper-8-quinolinolate, which is fungicidal but not 
bactericidal, it appears that fungi are primary degraders 
of plastic-coated fabrics and bacteria are of secondary 
importance. However, the methods used are total in 
nature and would not characterize deterioration by one 
kind of microflora or the other. 
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SUMMARY 


A cooperative study was made among four industrial 
laboratories and these laboratories. The efficacy of 
mixed-spore culture and soil burial, followed by break- 
ing-strength and flexibility measure, were evaluated as 
procedures and criteria to determine resistance to 
microbiological deterioration of variously plasticized 
viny!-coated fabrics. 

Data presented indicate, for the coated fabrics 
studied, that soil burial for 14 days, followed by the 
Clark flexibility measure, afforded best reproducibility 
for measure of degradation of these materials. Sheeting, 
duck, and sateen base fabrics may be protected against 
deterioration when solubilized copper-8-quinolinolate 
and phenylmercuric acetate at 1.0 per cent and 0.5 per 
cent, respectively (based on the weight of the plasti- 
cizer) are incorporated into the vinyl coat. Coatings 
based on unprotected duck and sateen evidenced no 
deterioration when dioctylphthalate, alone, was used 
as the plasticizer; the same coating based on sheeting, 
however, did deteriorate. No explanation for this ap- 
parent anomaly is offered. 

Resistance to biological deterioration was impaired 
when methyl acetylricinoleate was mixed with di- 


octylphthalate as the plasticizer. All coated fabrics con- 
sidered, a larger measure of resistance to the degrada- 
tive effects of fungi and bacteria is obtained with a 
fungicide added to the base fabric or to the plasticizer, 
compared to the response of unprotected base fabric 
coated with vinyl plasticized with a resistant plasti- 
cizer. There is no evidence that addition of fungicide to 
the base fabric and the addition of bactericide and 
fungicide to the plasticizer is more efficacious than 
treatment of either the base fabric or the plastic coating. 
The feasibility of testing coated fabrics with regard to 
relative weight of fabric and thickness of coating is 
suggested by these data, but must be confirmed by 
intensive study. 
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This investigation is concerned primarily with the 
growth and virulence of pathogenic bacteria introduced 
into soluble oil emulsions. The soluble oils are petroleum 
or fatty oils emulsified with soaps of petroleum sulfonic 
acids, naphthenic acids, fatty acids, rosin, or tall oil. 
When mixed with water, the soluble oils form stable 
oil-in-water emulsions and, as such, are used in machine 
shops as coolants and lubricants in the cutting and 
grinding of metals. Unfortunately, they serve as excel- 
lent substrates for the growth of bacteria. 

The predominating microflora indigenous to soluble 
oil emulsions used industrially belongs to the genus 
Pseudomonas (Lee and Chandler, 1941; Duffett et ai., 
1943; Pivnick, 1952, 1955; Pivnick et al., 1956; Sabina, 
1956). However, members of the genera Achromobacter, 


1'This investigation was supported by a research grant 


(RG-4266) from the National Institutes of Health, U. 8. 


Public Health Service. 


Bacillus, and Vibrio, as well as yeasts and molds have 
also been found (Duffett et al., 1943; Pivnick, 1952; 
Davis and Updegraff, 1954). In addition, coliform 
bacteria persist in these emulsions. For example, Page 
and Bushnell (1921), Duffett et al., (1943), and Bennett 
(1956) isolated Escherichia coli and Aerobacter aerogenes, 
while Pivnick and Fabian (1954) found similar bacteria 
in about one-half of the emulsion samples obtained 
from industrial sources. Pivnick and Fabian (1954) also 
found that the bacteria in fecal matter undergo rapid 
cell division in soluble oil emulsions. 

With regard to the pathogenic bacteria, those of the 
genera Salmonella and Klebsiella grow readily in these 
emulsions and members of the genus Shigella survive 
for several days (Pivnick et al., 1954). Bennett and 
Wheeler (1954) investigated survival but not growth of 
pathogens in soluble oils which differed from those used 
by Pivnick et al. They found viable Shigella paradysen- 
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teriae after 76 days in one emulsion and after 42 days 
in another. Recently, Bennett (1956) has reported find- 
ing a Paracolobactrum and a Salmonella species in emul- 
sions used industrially. The Salmonella species were 
isolated from the same emulsion on three different 
occasions. 

Although coliform bacteria have been frequently 
found in emulsions, they comprised less than 0.1 per 
cent of the total microbial population (Pivnick and 
Fabian, 1954; Pivnick, unpublished data). A notable 
exception was the discovery by Bennett (1956) that 
A. aerogenes predominated in one sample of emulsion 
obtained from a machine shop. The usual small numbers 
of coliform bacteria in soluble oil emulsions used indus- 
trially did not correlate with the rapid growth of fecal 
bacteria inoculated into sterile soluble-oil emulsions. 
Therefore investigations of microbial antagonism exist- 
ing in soluble oil emulsions were initiated (Pivnick and 
Fabian, 1954). It was found that coliform bacteria and 
pseudomonads indigenous to oil emulsions grew when 
mixed together in fresh emulsion. After 10 days, how- 
ever, the coliform bacteria began to decrease in numbers 
while the pseudomonads remained stationary. 

The work reported herein concerns the association of 
the microflora indigenous to soluble oil emulsions, pre- 
dominantly pseudomonads, and pathogenic bacteria. 
The effect of growth in emulsions on the virulence of 
enteric pathogens was also investigated. 


MATERIALS AND METHODS 


In order to study the fate of pathogenic bacteria in 
the presence of the microflora indigenous to soluble oil 
emulsions, pathogenic bacteria and the bacteria in 
emulsions used industrially were introduced simultane- 
ously into a fresh, sterile emulsion. Samples were re- 
moved at various time intervals and the number of 
each type of bacteria was determined. Control experi- 
ments contained emulsions inoculated with pathogens 
or with bacteria indigenous to soluble oil emulsions. 

Cultures and inoculum. The pathogenic bacteria were 
obtained from the stock culture collection of the Uni- 
versity of Nebraska. After reisolation from nutrient- 
agar plates, the identity of Salmonella and Shigella 
species was checked by agglutination with homologous 
antisera (Markam Laboratories, Chicago, Illinois), 
while cultures of Klebsiella pneumoniae and Pseudo- 
monas aeruginosa were found to have cultural charac- 
teristics typical of the species. 

The microflora indigenous to soluble oil emulsions 
was obtained by pooling samples of used emulsions 
from four machine shops. Numerous studies indicate 
that these organisms are predominantly pseudomonads, 
and in this report they are so designated. 

The pathogens and pseudomonads were enumerated 
in order to add known numbers of each to a sterile 
soluble-oil emulsion. Initially, the pathogens were in- 
oculated into nutrient broth and incubated at 37 C for 
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TABLE | 
Pathogens and pseudomonads in soluble oil emulsions at 0 and 
32 days 


oe 


Flask Bacteria per MI 


No. Organisms ‘ 
0 day 32 days 
1 | Salmonella schottmuelleri | 30 X 10°} 11 x 105 


Pseudomonads 


30 X 10°! 64 Xx 106 


2 S. schottmuelleri 30 & 106 6 X 105 

Pseudomonads 30 X 104 | 27 x 108 

3 S. schottmuelleri | 30 X 108!) 19 & 106 

4 Salmonella paraty phi | 5X 10*| 23 x 108 

Pseudomonads 5 X 10® | 104 x 108 

5 S. paratyphi 5X 10°! 31 x 105 

6 Salmonella typhosa 5X 10°) 14 X 108 

Pseudomonads 5 xX 10°} 78 x 106 

7 S. typhosa 5 X 108; 18 x 106 

8 Pseudomonads 5 X 108 | 110 « 106 

9 Shigella sonnei 16 X 108! 53 x 10! 

Pseudomonads 16 X 106 | 72 x 108 

10 S. sonnet 16 X 108 | 52 xX 10! 
Pseudomonads 16 X 10 | 28 x 105 

1] S. sonnet 16 & 106 15 X 105 
12 Shigella dysenteriae 15 X 108; 22 x 105 
Pseudomonads 15 X 108 | 72 x* 108 

13 S. dysenteriae 15 & 106 5 X 105 
Pseudomonads 15 X 10' 36 & 108 

14 S. dysenteriae 15 X 106 6 X 108 
15 Shigella paradysenteriae 30 X 106! 21 x 108 
Pseudomonads 30 K 108) 98 xX 108 

16 S. paradysenteriae 30 X 108 | 25 x 108 
Pseudomonads 30 X 10! | 50 x 108 

17 S. paradysenteriae 30 X 106! 32 x 108 
18 Klebsiella pneumoniae 6X 10°; 3x 108 
Pseudomonads 6 X 106 | 134 x 106 

19 K. pneumoniae 6 X 10°| 20 x 106 
20 Pseudomonads 6 X 108 1 KO 
21 Pseudomonas aeruginosa 6X 10*| 27 xX 105 
Pseudomonads 6 X 10° 163 x 105 

22 P. aeruginosa | 6X 108} 20 x 108 








18 to 24 hr, after which they were refrigerated. Plate 
counts of the broth suspensions were made, using nu- 
trient agar as a plating medium and 37 C as the ineuba- 
tion temperature. The bacteria in the pooled, refriger- 
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ated samples of used emulsions were enumerated, using 
nutrient-agar plates incubated at 30 C. 

The pathogens and pseudomonads were added to 
100 ml of fresh, sterile emulsion and shaken for about 
8 hr per day at room temperature on a reciprocating 
shaker. In some experiments, equal numbers of each 
type were inoculated into the sterile emulsion; in 
others, the pathogens : pseudomonad ratio in the inocu- 
lum was 100:1. The organisms and size of inocula are 
shown in table 1. 

Enumeration of pathogens and pseudomonads. The 
total bacterial population and the population of patho- 
gens in the emulsion were determined at various time 
intervals. The population of pseudomonads in mixtures 
was calculated by subtracting the population of patho- 
gens from the total bacterial population. 

The pathogens were enumerated by using selective 
media and higher temperatures of incubation. It was 
impossible to use the usual selective media, for example, 
Difco bismuth sulfite and SS agar for Salmonella and 
Shigella species, because only a small proportion of 
known numbers of these organisms grew on such media. 
In this work, pathogens were grown on medium “B” 


TaBLE 2. Characteristics of surface colonies of pathogens on 


medium ‘B” 


Temperature of Incubation 
Cultures 


| 


37.C 42.C 
Salmonella schott | Round dark colony 
muellert with metallic 
sheen 
Salmonella para Round colony with 


typhi dark green metal- 
lic sheen center 
and lighter green 
periphery 
Salmonella typhosa | Brown to. green | 

colony with me- | 

tallic sheen 
Shigella sonnei Colony with light- 
metallic 
sheen in center 
and dark pe- 
riphery 


green 


Shigella 
leriae 


dysen- | Brown colony with 


green metallic 
sheen in center 

Colony with | 
brown center 


Shigella paradysen 
teriae | 
and light pe- 

riphery 


Klebsiella pneumo- | Mucoid type colony 


niae with green to 
| brown metallic 
| sheen in center 


and light periph- 
| ery 
ring- | 
type colony with| 
dark to brown 
metallic sheen 


Pseudomonas aeru- | Concentric 


ginosa 


TABLE 3. Relationship of population of pathogens and 
pseudomonads indigenous to emulsions 


Millions of Bacteria 





per Ml 
a ae Medium “B” 
soc | 37c | 2c 
Salmonella schottmuelleri. .............. 298 | 300 
Salmonella paratyphi. 311 | 323 


Seer eres 327 | 301 


Salmonella typhosa....... 


WhirdellasOnnetes. i020 5506 ohana cae ces 165 | 148 
Shigella paradysenteriae.............. 1100 | 920 
Klebsiella pneumoniae.......... Serer mr”. 450 
Pseudomonas aeruginosa. .... Rees 181 230 
Pseudomonads in used emulsions ob- 

tained from machine shops. ........... 122 0 0 
Pseudomonads in used emulsions ob- 

tained from machine shops......... ; 140 0 0 





(beef extract, 3.0 g; peptone, 5.0 g; sodium chloride, 
5.0 g; glucose, 10.0 g; dibasic potassium phosphate, 
2.0 g, eosin Y, 0.4 g; methylene blue, 0.065 g; agar, 
20.0 g; distilled water, 1000 ml; pH 7.0) incubated at 
37 or 42 C depending on the species. When 0.1 ml of a 
suitable dilution of the emulsion was spread with a bent 
glass rod over the surface of solidified medium ‘“‘B,” 
colonies of pathogens developed with characteristic 
color, shape, and topography (table 2). The pseudo- 
monads, on the other hand, did not grow on medium 
“B” at 42 C, and grew sparsely as colorless to light-pink 
colonies at 37 C. 

Total bacterial populations in the mixtures were de- 
termined by spreading 0.1-ml aliquots of suitable dilu- 
tions of the emulsion on medium “A” (beef extract, 
3.0 g; peptone, 5.0 g; agar, 20.0 g; distilled water, 
1000 ml; pH 7.0) and incubating at 30 C. Pure cultures 
of pathogens, or pseudomonads not mixed with patho- 
gens, were enumerated using respectively medium “B” 
at 37 or 42 C and medium “A” at 30 C. 

In addition, experiments were carried out to deter- 
mine if pathogens grew equally on medium “B” at 37 
or 42 C and on medium “A” at 30 C. Representative 
results are shown in table 3. 

Serologic reactions. Serologic typing was carried out 
on Salmonella and Shigella species grown in soluble oil 
emulsions for a period of 16 days. Typical colonies were 
reisolated from medium “‘B,” grown for 24 hr on nu- 
trient agar (Difco), and subjected to slide agglutination 
with homologous antisera. Cultures which failed to 
agglutinate were transferred three times in trypticase 
broth (Baltimore Biological Laboratory) and the agglu- 
tination tests were repeated. 

Pathogenicity. The effect of growth in soluble oil 
emulsions on the virulence of the pathogens was deter- 
mined. Bacteria grown in pure culture in the emulsion 
for 16 to 24 days were separated from the emulsion by 
centrifugation. The cells were washed and resuspended 
in nutrient broth to obtain 10° cells per 0.2 ml. Patho- 
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gens grown in mixture with pseudomonads were reiso- 
lated on medium “B” after 16 to 24 days in the emul- 
sion. Typical colonies were fished to nutrient broth, 
grown at 37 C for 24 hr, and refrigerated. The popula- 
tion was determined and the suspension diluted to 
obtain 10° cells per 0.2 ml. The original cultures of 
pathogens not exposed to oil emulsions were also grown 
in nutrient broth and diluted to obtain 10° cells per 
0.2 ml. 

Four mice were injected intraperitoneally with 0.2 ml 
of each of the suspensions described above. Mice which 
succumbed within 3 to 5 hr were not indicated in the 
final tabulation. 

Mycobacterium tuberculosis. It is common knowledge 
that some machinists expectorate into soluble oil emul- 
sions. It would be interesting, therefore, from a publie 
health standpoint, to determine the survival time of 
M. tuberculosis in these emulsions. Strains BCG and 
H37Rv were grown in Dubos’ broth at 37 C for 5 days 
(Dubos and Middlebrook, 1947) and _ refrigerated. 
Plate counts of the suspensions were made by the 
method of Fenner (1951). Sufficient inoculum was intro- 
duced into the emulsion to obtain 20 & 10* cells of 
BCG per ml, or 25 X 10° cells of H37Rv per ml, and 
the flasks were incubated at 37 C. 

RESULTS 

Growth curves. All pathogens, except .W. tuberculosis, 
grew in soluble oil emulsions inoculated with pseudo- 
monads. After 32 days, they were still present in appre- 
ciable numbers. Table 1 shows the bacteria used, and 
the bacterial populations at 0 and 32 days. Repeated 
experiments with Salmonella typhosa (S. typhi), Salmo- 
nella paratyphi and Salmonella schottmuelleri gave essen- 
tially the same results. Figure 1 shows the growth of 
S. schottmuelleri when mixed with equal numbers of 
pseudomonads, whereas figure 2 shows the effect of 
inoculating 100 times more pathogens than pseudo- 
monads into the emulsions. Figures 3 and 4 illustrate 
similar effects for S. paradysenterrae. Figures 5 and 6 
indicate that A. pneumoniae and P. aeruginosa also 
grew in the presence of the pseudomonads indigenous 
to soluble oil emulsions. After several days, however, 
the pathogens decreased in number and at all times 
were present in smaller numbers than when grown in 
pure cultures. 

Similar results were observed with S. typhosa, S. 
paratyphi, Shigella sonnet and S. 
(Samuel-Maharajah, 1956). 

M. tuberculosis was inoculated into soluble oil emul- 
sion containing no pseudomonads. It failed to grow 
and death occurred within a few days. Strain BCG 
decreased from 20 X 10‘ cells per ml at 0 days to 
4 X 10’ at 6 days, and it could not be recovered from 
the emulsion at 12 days. Strain H37Rv decreased from 
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Fig. 3. Growth of pathogens in pure culture and pathogens 
and pseudomonads in mixed cultures. Inoculum consisted of 
30 X 10° bacteria of each type per ml of emulsion. 
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Fig. 4. Growth of pathogens in pure culture and pathogens 
and pseudomonads in mixed culture. Inoculum consisted of 
30 X 106 pathogens and 30 X 104 pseudomonads per ml of emul- 
sion. 
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TABLE 4. Virulence of pathogenic bacteria grown in pure culture 
or mixed with pseudomonads in soluble oil emulsions 


Ratio of Mice Dead to Mice Inoculated* 


Original 


Culture stock Pathogens | Pathogens 
cultures grown in grown in 
no ex pure mixture with 


culture in 
emulsion 


pseudomonads 


posure to ° : 
in emulsions 


emulsion 


Salmonella schotitmuellert 


Salmonella paratyphi 


+ DO bo 


Salmonella typhosa . 
Shigella sonnei 
Shigella dysenteriae. 


~ 


em Ie I 


Shigella paradysenteriac. 
Klebsiella pneumoniae 


“~ 
aa 


He He 4 DD LO 


Pseudomonas aeruginosa 
Control (nutrient broth). 


ee a a ek ek 


S te te 


* Observation period 8 days. 


25 X 10* per ml at 0 days to 19 & 10* at 1 day and 
was not recovered at 6 days. 

Serologic reactions. Shigella species which had grown 
in pure culture or mixed with pseudomonads in the 
emulsions for 16 days failed to agglutinate when tested 
with their homologous antisera. Salmonella species 
grown in pure culture exhibited agglutination, but 
those recovered from the Salmonella-pesudomonad 
mixtures failed to do so. 

Pathogenicity. Pathogens which had grown for 16 to 
24 days in soluble oil emulsions retained their virulence 
whether grown in pure culture or mixed with pseu- 
domonads. Bacteria from the emulsions killed about 
the same number of mice as the stock cultures which 
had never been exposed to soluble oil emulsions (table 
4). All controls survived. 


DISCUSSION 


The work described in this report agrees with the 
results of Okawaki (1953) and Pivnick et al (1954) who 
showed that soluble oil emulsions supported the 
growth of Salmonella species and K. pneumoniae. It 
differs from the work of Pivnick et al. in that Shigella 
species did not grow in the soluble oil emulsions which 
they used. A plausible explanation for the difference is 
variability in the composition of the soluble oils. For 
example, Bennett and Wheeler (1954) showed that a 
given organism might survive only a few days in one 
soluble oil emulsion, but the same organism might sur- 
vive more than 150 days in a different type of emulsion. 
S. paradysenteriae survived 76 days after inoculation 
into one soluble oil emulsion, but only 42 days in 
another emulsion. In the same two emulsions Sal- 
monella typhimurium survived 62 days and 7 days, re- 
spectively. 

The pathogens grew well in the presence of pseudo- 
monads indigenous to soluble oil emulsions used 
industrially. However, in mixed culture they did not 


[VoL, 4 


attain the population levels obtained by similar inocula 
in pure culture. Antagonism by the pseudomonads was 
not pronounced, and may indicate a simple competition 
between pathogens and pseudomonads for nutrients, 

Increasing the pathogen:pseudomonad ratio in the 
inoculum to 100:1 did not give the pathogens an ad. 
vantage in the emulsion. Figures 2 and 4 (100 pathogens 
to | pseudomonad) show trends similar to figures 1 and 
3. In the latter experiments, the pathogen: pseudo. 
monad ratio in the inoculum was 1:1. 

The inability of P. aeruginosa to antagonize the 
indigenous pseudomonads is interesting and may ey. 
plain why this organism is encountered rarely jn 
soluble oil emulsions. During several years’ work with 
soluble oil emulsions, this organism has been isolated 
in our laboratory only once, and then only as a result 
of selective enrichment procedures. The cultures thus 
isolated were nonhemolytic (Pivnick, unpublished data), 

The continued virulence of pathogens in soluble oil 
emulsions may be of considerable importance, although 
it is too early to fully evaluate the significance of this 
discovery. Bennett and Wheeler (1954) reported a case 
of typhoid fever resulting from accidental contamina- 
tion of a laboratory worker with S. typhosa growing in 
soluble oil emulsion for 4 weeks, and Bennett (1956) 
has isolated a Salmonella species on three different oc- 
casions from an emulsion used industrially. He has also 
isolated a paracolon organism. 

The loss of antigenicity in Shigella species grown in 
pure or mixed culture, and Salmonella species in mixed 
culture, may be due to the selective growth of mutants. 
Other explanations may become available if work in 
this field is continued. 

The survival of M. tuberculosis for only a few days 
may be of some importance when one considers the 
“ase with which this pathogen could enter the emulsions. 
Furthermore, the aerosols of emulsion produced by 
cutting and grinding operations could disseminate this 
organism readily. In these experiments, however, 
young cells of H37Rv and the avirulent BCG were 
used. Such cells are very permeable and this may par- 
tially account for their rapid destruction. Experiments 
are under way to test the survival of M. tuberculosis in 
sputum added to soluble oil emulsions. 


SUMMARY 


The pathogenic bacteria, Salmonella schottmuelleri, 
Salmonella paratyphi, Salmonella typhosa, Shigella 
sonnei, Shigella paradysenteriae, Shigella dysenteriae, 
Klebsiella pneumoniae and Pseudomonas aeruginosa 
grow well in soluble oil emulsions containing pseudo- 
monads indigenous to emulsions used industrially. They 
are not readily antagonized by the pseudomonads and 
are present to the extent of at least 10° cells per ml 
after 32 days. 

Pathogens in the emulsion for 16 days retain their 
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virulence, but in some instances lose their ability to 
agglutinate with specific antiserum. 

Pure cultures of Mycobacterium tuberculosis strains 
H37Rv and BCG survive several days in the soluble 


oil emulsions. 
ADDENDUM 


tecently we have observed that the source of inocu- 
lum and type of soluble oil used influences the survival 
of M. tuberculosis and S. pyogenes var. aureus. For ex- 
ample, when 10 g of known positive tuberculous spu- 
tum was added to sterile 100 ml amounts of different 
soluble oil emulsions, viable mycobacteria and staphy- 
lococci were isolated six weeks later from some emul- 
sions but not others. 

Work is under way to determine whether these solu- 
ble oils serve as growth or maintenance media. Viru- 
lence studies and the fate of these organisms in the 
presence of pseudomonads indigenous to oil emulsions 


is being investigated. 
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In the paper by C. H. Bayley, “Some Auxiliary Effects of Textile Fungicides,” Vol. 


t, No. 2, March 1956: 


Page 78, Table 3—The data in the last three lines of the fourth and fifth columns 


should be interchanged. 


Page 79, Line 4—The word “copper” at the end of the line should read “chromium.” 


Page 79, Line 6—The word “copper’ 


should read “chromium.” 


In the paper by Lloyd L. Kempe, Robert A. Gillies and Ronald E. West, “Acid 
Production by Homofermentative Lactobacilli at Controlled pH as a Tool for Study- 
ing the Unit Process of Fermentation,” Vol. 4, No. 4, July 1956: 


Page 177—The first equation should read 


Page 177- 


= aC» = 


The second equation should read 
‘is dC 4 
dt 


dt 





An Appraisal of the Soluble Gelatin Foam Filter as 


for Bacterial Aerosols 


[Ric NOLLER AND J. (¢ 


Research Directorate, 


Received for publication June 5, 1956 


In order to avoid the disadvantages of the fluid 
impinger-type bacterial aerosol sampler, other devices 
have been sought which would collect all the particles 
of aerosols. Prominent among these other devices have 
been filters of various kinds. Filters possess the proper- 
ties of being nonevaporative and unaffected by changes 
of temperature. The membrane-type filter is perhaps 
the best known of this type of sampler. However, this 
device, when assayed by a direct count of colonies upon 
the filter, is inadequate for high bacterial loads and it 
will not support the growth of certain bacteria. Cotton 
and spun-glass filters have been used but, since these 
materials are not soluble, the organisms collected by 
these filters must be diluted by liquid and it is ques- 
tionable whether all the cells are recovered by this 
means. A common disadvantage of all filter samplers is 
the poor recovery of vegetative bacteria. 

In their report on methods of sampling airborne 
microorganisms, Mitchell et al. (1953) have demon- 
strated the successful use of soluble foamed gelatin as 
the medium of a filter-type sampler. They found that 
foamed gelatin exhibits good retention of the bac- 
terial sample, does not freeze or evaporate, and may be 
dissolved in water for assay by dilution. These workers 
observed good recovery of the dry-stabilized micro- 
organisms (normally found in the atmosphere) of 
interest to them. 

Guyton et al. (1955) reported that soluble foamed 
gelatin is impracticable as a sampler for airborne bac- 
teria in either the vegetative or the spore state because 
of (1) nonuniformity of material; (2) cracking or 
breaking of the cellular structure at air flows as low as 
1.5 to 2.5 L per min; (3) high resistance to air flow; 
(4) poor recovery of vegetative bacteria; and (5) poor 
solubility of the foamed gelatin. 

The following report is concerned with a further 
investigation of the possibilities and limitations of the 
foamed-gelatin filter as a specialized biological aerosol 
sampler for use where the fluid impinger-type 
impractical. 


is 


MATERIALS AND METHODS 
Preparation of the gel-foam filter. Nonsterile foamed- 
gelatin bricks obtained from the Upjohn Company 
(Kalamazoo, Michigan) were used throughout these 


Dugway Proving Ground, Dugway, Utah 
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studies. Little bacterial contamination was found in the 
bricks as received from the company. Since ethylene 
oxide sterilization of the foamed gelatin markedly re- 
duced its solubility, as will be shown later, sterilization 
of the material was replaced by aseptic handling during 
processing. 

The bricks of foamed gelatin were split into halves, 
parallel to the wide surface, to yield two blocks meas- 





Fig. 1. Preparation of gel-foam pads showing cutting 
pressing, and storage procedures. 


uring 26.6 x 8.9 x 2.3 em. Five cylinders measuring 5.2 
cm in diameter and approximately 2.3 cm in height 
were cut from each of the halves. These cylinders 
were pressed into filter pads with a flat exhaust surface, 
a marginal lip 0.5 em wide, and a convex sampling 
surface. Maximum pad thickness was 0.8 em. Prepara- 
tion of these pads is shown in figure 1 (note the thin 
rubber disk placed between the press and the gel-foam 
to prevent cracking of the filter surface). 

Our laboratory devised a small, 3-piece aluminum 
holder which affords a tight seal around the marginal 
lip of the gel-foam filter, supports the exhaust surface 
of the filter with fine-mesh screen, and presents the 
entire sampling surface to the challenge aerosol with- 
out obstruction (figure 2). 

Assay of the gel-foam filter. The solvent used for 
solution of the filter consisted of 0.5 per cent tryptose 


and 1.0 per cent NaCl in distilled water, with 0.06 per 


cent Antifoam A! added. Twenty-ml aliquots of this 


! Dow Corning Corporation, Midland, Michigan. 
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Fic. 2. Holder assembly for gel-foam filter 


solvent were placed in 250-ml wide-mouth jars with 
approximately 125 glass beads and warmed in a water 
bath to 40 to 45 C. One gel-foam filter was added to 
ach jar and gentle, periodic agitation caused it to 
dissolve readily in the warm solvent with complete 
solution in 15 to 45 min. The presence of the antifoam 
Following solution of the filters, 
assay Was accomplished by triplicate spread-plating of 
log dilutions. 

Measurement of the flow-rates of the gel-foam filter. 
Because of the inconsistencies in flow-rate caused by 


eliminated frothing. 


varying resistance to air passage, it was necessary to 
measure the flow-rate of each individual filter pad. This 
was easily accomplished by measuring the pressure 
differential between a critical orifice of known flow-rate 
(usually 6.0 L per min) and the vacuum port of the 
gel-foam sampler during aspiration. From the three 
known values, orifice flow rate (171), pressure differen- 
tial (P;) and atmospheric pressure (P2), the unknown 
flow rate (V2) of the sampler could be determined 
(PV = PeVe). 


LESULTS 

The effect of ethylene oxide sterilization on the solu- 
bility of the gel-foam filter. At the beginning of this 
investigation, considerable difficulty was encountered 
in dissolving the gel-foam filter in the solvent previously 
described. indicated that 
sterilization of the filter with ethylene oxide gas may 
have decreased the filter solubility. To test this hy- 
pothesis, two bricks of gel-foam were split in half. 


Preliminary investigation 


The filters from one of the halves from each brick were 
sterilized with ethylene oxide. This was done by placing 
these filters in a 50-L autoclave and emitting 354 g of a 
mixture of 18.00 per cent ethylene oxide and 81.25 per 
cent freon into the autoclave, and allowing it to stand 
for 24 hr before removing the filters. The remaining 
filters were untreated. All filters were then placed in 20 
ml of the solvent at 41 C and timed for complete 
dissolution. 

As shown by the data in table 1, ethylene oxide 
sterilization reduces the solubility of the gel-foam filters. 
The untreated filters were observed to break up and 
began dissolving within 5 min after being placed in the 
solvent. The treated gel-foam filters, on the other 
hand, remained as a mat for over an hour before they 
began to break up slightly. In addition, the dissolved 


portion of the treated filters made the solvent cloudy 
and granular in appearance. 
The effect of relative humidity, during pressing, on the 


flow-rate of the gel-foam filters. Twenty cylinders were 


selected at random from a group of 40 and pressed at 
15 per cent relative humidity at a temperature of 29 C, 
while the remaining 20 cylinders were pressed at 63 
per cent relative humidity at 25 C. All 40 gel-foam 
filters were then flow-rated at 63 per cent relative 
humidity at 25 C using critical orifices of 6.76 L per 
min to limit flow rate. Error in measuring the flow-rates 
of the two groups was minimized by alternate selection 
of filters from each group. Random selection of the 
groups of cylinders prior to pressing eliminated the 
necessity of accounting for the flow-rate differences due 
to variations in cylinder thickness. 

The data from this experiment (table 2) indicate 
that dry-pressed gel-foam filters offered much less 
resistance to air flow than damp-pressed filter pads. 
There was also a greater variation in air-flow resistance 
of filters pressed at the higher relative humidity. 

Particulate penetration of the gel-foam filter as deter- 
mined with fluorescent particles. One gel-foam filter was 
placed in its holder and affixed to the lower end of a 
vertical glass settling tube 2.5 x 26 in. The filter was 
operated at approximately 30 L per min by direct 
connection to the laboratory vacuum line. A small 
quantity of fluidized zinc cadmium sulfide fluorescent 
particles was dispersed at the top of the column. Fol- 
lowing 5 min of aspiration, the filter was removed 
from its holder and a thin cross-section was carefully 
cut from it. Penetration of the filter by the fluorescent 
particles was observed microscopically using ultraviolet 
illumination of the cross section. 

Observation of the ultraviolet-illuminated cross sec- 
tion of the filter indicated that the majority of the 
fluorescent particles was retained by the first third of 
TaBLe 1. The effect of ethylene oxide sterilization upon the 
solubility of the gel-foam filter 





Ethylene Oxide Treatment No Treatment 


Gel-foam filter no. | Time for solution | Gel-foam filter no.| Time for solution 





hr* min 

1 316 ] 45 
2 316 2 35 
3 315 3 45 
4 315 4 35 
5 316 5 25 
6 316 6 25 
t 31g 7 15 
8 316 8 25 
9 3h5 9 30 
10 315 10 20 
CLL aR oa aoe ; 30 


* After 316 hr, the gel-foam filter had not dissolved suffi- 
ciently to assay. 
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TABLE 2. The effect of relative humidity during pressing on the 
flow rate of gel-foam filters 


Dry-Pressed Group 


Damp-Pressed Group 
(15 Per Cent RH) 


(63 Per Cent RH) 


dP* Flow ratet dPp* Flow ratet 
mm He L min mm Ig L min 

18 6.58 113 5.68 
20 6.56 161 5.15 
20 6.56 52 6.22 
15 6.61 70 6.06 
22 6.54 92 5.84 
18 6.58 54 6.22 
11 6.65 99 5.77 
12 6.64 125 5.51 
19 6.57 73 6.08 
14 6.62 112 5.64 
17 6.59 96 5.80 
12 6.64 79 5.97 
30 6.46 170 5.06 
1] 6.65 155 5.21 
14 6.62 55 6.21 
26 6.50 4] 6.35 
10 6.66 115 5.61 
20 6.56 114 5.62 
27 6.49 54 6.22 
13 6.63 21 6.55 

Avg.. 6.58 5:83 

Standard 

deviation 0.056 0.401 


* dP = difference in pressure between orifice of known flow 
rate and the vacuum port of the gel-foam sampler. 
7+ Corrected flow rate of gel-foam filter. 





Fic. 3. Chamber and generating device used to compare 
aerosol-collecting efficiency of all-glass impinger and gel-foam 
filter. 


the filter’s thickness. Only a few extremely small 
particles managed to penetrate the entire thickness of 
the filter. Even at the high rate of flow employed in 
this experiment (ca. 30 L per min), no breakdown of the 
cellular structure of the filter was observed. 
Comparison of bacterial aerosol samples obtained with 
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the gel-foam filter and the all-glass impinger2 The 
chamber used for laboratory comparisons consisted of g 
glass tube 2.5 in in diameter and 26 in in length, At 
one end was attached a Wells-type nebulizer bulb into 
which a Chicago atomizer was inserted. The Chicagy 
atomizer was modified by blowing a small bulb into the 
feed tube, thereby allowing the introduction of small. 
measured amounts of slurry into the atomizer by the 
use of a hypodermic syringe. Also affixed to the nebu- 
lizer end of the chamber was a bleeder valve connected 
to a water-faucet-aspirator. This prevented contamina- 
tion of the laboratory when a positive head was acei- 
dentally produced within the chamber. At the sampling 
end of the tube, three sampling ports were located in 
horizontal line. The center port consisted of a hole 
bored in the rubber end-stopper to accommodate the 
intake port of an all-glass impinger. The two side ports 
consisted of similar holes into which 6-in sections of 
one-half-inch copper tubing were secured. The copper 
tubes were curved slightly outward to accommodate 
the gel-foam filter holers. This is shown in figure 3. 

In operation, a gel-foam filter sampler, prepared so 
as to give the least resistance to flow and the highest 
solubility, was attached to each of the two side ports; 
the intake of the all-glass impinger was secured at the 
center port. In this experiment impingers of 6 L per min 
were used, and flow rates of the gel-foam filter samplers 
were restricted by critical orifices of 6.76 L per min. 
Mercury manometers were connected between the 
orifices and the sampler exhaust port to measure pres- 
sure differentials during sampling. The bulb in the 
Chicago atomizer was filled with 1.0 ml of slurry 
containing approximately 10° viable cells per ml. The 
safety aspirator was allowed to run continuously 
during chamber operation. Upon activation of the 
samplers, the atomizer was operated at a pressure of 8 
psi. All of the slurry was aerosolized in about 45 see. 
Five min after sampler activation, the atomizer air 
supply was turned off, and the samplers were. inac- 
tivated. 

Preliminary experiments using impingers of 6 L per 
min at each port of the chamber indicated that there 
was no significant difference between samples obtained 
at each port or between each of a series of five trials. 
Experiments using the Andersen sampler*® (Andersen, 
1955) indicated that most of the cloud particles were in 
the range of 1.0 to 3.5 uw. 


Studies with Bacillus subtilis morphotype globigii 


The following experiment was designed to compare 
the efficiency of the gel-foam filter to that of the all- 


? Since the all-glass impinger is a standard sampler for bae- 
terial aerosols, it was selected as the reference standard in the 
evaluation of the gel-foam filter sampler. 

’ Device designed to measure aerosol particle-size dis- 
tribution. 
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r glass impinger in sampling a Bacillus globigit spore TABLE 4. Leakage of the gel-foam filter as indicated by membrane 
| he gerosol, to determine the per cent leakage of the gel- filter counts during sampling and aspiration 
ofa foam filter during sampling, and to determine the , Membrane Filter Counts at Various Intervals 
h. At ; ; M . . ‘ . . Uncorrected after Sampling (Min) 
effect of prolonged aspiration following sampling upon ee | a 
) Into i ate 7 —— 
the sample count and leakage. Count ° et rs ee es eee 
1¢, 2 . . leakage 
~ Each gel-foam filter was backed by a type AA mem- — —|—— | |__| —_|- —_—_—— 
0 . > L/mi x 1048 
the | inane filter placed between the exhaust surface of the ery ee 
tall, |-f filter and the support screen of the filter neg che " ya ses 
> seen sit ‘peusestigaihige Mec 5.9 | 6.2 bi 2 4 | 0.0064 
holder. Two such gel-foam samplers and one all-glass 6.0 5.5 0 0 10.0 
lebu. f. ae 
vied impinger were attached to the chamber. The chamber 5.95 5.4 55* | 18*) 5* 78* | 0.14 
CTE . s ° . . + - > ¢ 
- was operated for 5 min, as previously described. Fol- 5.9 6.2 0 0 | 0.0 
nina- : “ 5.2 ; 
: lowing sampling, the atomizer was turned off along 6.1 6.2 I 0/0 1 | 0.0016 
acct F ith one gel-foam filter (control) and the all-glass ot ee ba wl Bg =, 
shes with one gel-foam filte mtrol) and the all-glass 64 6.7 | 354 alo lelo 358 | 0.53 
‘te impinger. The remaining gel-foam filter (test) was 6.0 43 1 1 | 0.0023 
hol aspirated for time intervals of either 5, 15, 30, 60, or 5.95 4.3 0 ee hae 13 | 0.030 
ole : ; “ 
th 120 min, and the membrane filters were changed at the 6.09 5.8 0 0 | 0.0 
7 e ; . * ° ° MH 5 8 5 5 [6 
sorts | Mtous intervals during the prolonged aspiration. : = — . 0 ‘ Py 
Orts ; : ; pe a ie aa la ).05 ca ! 
aia Assay counts of the gel-foam filters were corrected in 6.27 55 4 0/0 4 | 0.0073 
pper accordance with the flow-rate to yield sample counts 6.24 6.5 (2* 11 2* 11) 0.020 
dat comparable with the 6 L per min samples of the all- 6.23 5.8 6 110 | 0 1*, 6 | 0.012 
glass impinger. The relative humidity of the sampled 6.06 5.6 0 0 | 0.0 
: ; ae . ; ji . 9 Re 
cloud was approximately 65 per cent, while aspiration 6.20 lg o) ee ee 0 | es | 
d so . a es 6.05 3.8 *, 1 1*, 1 | 0.0053 
hest of the test gel-foam filter was at 45 to 55 per cent 6.10 38 6l*.1 7* 1* 1. 4* 1* 74*.2 | 0.20 
miles relative humidity. The experiment was run in triplicate, 6.20 a 0 0 | 0.0 
the and the data gathered are given in tables 3 and 4. 6.38 3.0 | 571 0 571 | 1.9 
be The analysis of variance, when a log transformation 6.19 2.38 1* 1* | 0.0043 
un 6.08 2.8 0 | ol0 0 | 0.0 
ns ;' ae 2.8 | 282 282 
ers TaBLe 3. Sample counts obtained with the all-glass impinger 6.44 se ¥ ” 1.0 
nin sone mapees 6.19 3.1 * 0.0 (0 1* | 0.0032 
. and the gel-foam filter for similar volumes of sampled | 
vo : bees P 6.20 2.0 1 1 | 0.0051 
the Bacillus globigii spore aerosol Dead : . 
bet = eee : 6.14 2.9 0 | 0/0 |o/\0 0 | 0.0 
: Contr | Tet | gherCent, | ,FerCemt, = 6.12] 2.8 | 1* 1* | 0.0035 
the Trial Time* Control GF en after 6.14 2.9 eA 0,0 0 0 0 | ae 0.0070 
eae aru ‘ — Compared t exte 
Wry AGIt GFE «GF Control AGI | Aspiration aac schgs SRNR ea 
The See Indicates marginal membrane filter colonies. 
| Min xX 10 xX 104 x 108 
sly . - sa a : ; , 
the : a ice oS | = . 7 is made on the data presented in table 3, discloses that 
0.6 a. 4 2.9 8 96.0 s : ay . 
of 8 aT ca | se.) £0 107.1 92.3 there is no significant difference between samples ob- 


see, tained with the gel-foam filter and the all-glass impinger 


air I 15 5.6 5.5 5.4 98.2 98.2 when the gel-foam filter count is corrected in accordance 
sens Tl 5.3 5.38 5.2 100.0 98.1 with the volume of aerosol sampled. Prolonged aspira- 
ae 3-6 2.2 2.8 61.1 127.3 tion of the gel-foam filter following sampling did not 
per I «0 | 72 | 63 | 61 87.5 96.8 significantly reduce the sample count below either the 
vere ll 62 |\63 | 56 101.6 88.9 control gel-foam or impinger values. 
ned (11 3.0 2.6 3.0 86.7 115.4 Both marginal and general leakage of the gel-foam 
ale _ filter was observed during sampling and prolonged 
nee I 60 5.6 5.4 | 6.3 96.4 116.7 aspiration as indicated by the data in table 4. This was 
mee II 6.0 0.6 5.4 93.3 96.4 : : i 
ein (11 2.0 19 2.9 95.0 152.6 evidenced by the location of the colonies on the mem- 
brane filter. Colonies that appeared around the periph- 
I 120 1.0 1.3 1.3 107.5 100.0 ery of the membrane filter may be assumed to be the 
- II 1.8 3.8 3.8 79.2 100.0 result of leakage at cuts in the gel-foam filter caused by 
UI 2.4 2.8 2. 116.7 100.0 excessive pressure during the forming of the filter lip. 
ee iemie ne | wi General distribution of the colonies over the surface of 
. Za . the membrane filter indicated general leakage due to 
Wee , Interval of prolonged separation of test samples a poor retention qualities of the actual filter material. 
the nahin OE: SOE SR RRRS: SE: Since all of the gel-foam filters were flow-restricted 
dis. + All-glass impinger. by the use of critical orifices of 6.76 L per min, the 


t Gel-foam filter. closer the flow rate of the samplers listed in table 4 
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TaBLeE 5. Sample counts obtained with the all-glass impinger 
and the gel-foam filter for similar volumes of sampled Bacillus 
globigtt: spore aerosol at low relative humidity 


Per Cent Recovery MF§ Per Cent 
AGI* GFt of GF Compared at Leakage of 
to AGIt — the GF 
+ 105 xK 10 
2.87 2.65 92.3 160 0.060 
2.83 9S .6 176 0.062 
2.78 2.56 92.1 56 0.022 
2.60 93.5 35 0.0138 
2.70 a4 102.6 2 0.0007 
2.68 99.3 243 0.091 


* AGI = all-glass impinger. 
+ GF = gel-foam filter. 

t Statistical analysis shows no significant difference. 
§ MF = membrane filter. 


TaBLe 6. Sample counts obtained with the all-glass impinger 
and the gel-foam filter for similar volumes of sampled 


Serratia marcescens aerosol 


MF* Counts at Various 
Intervals after Sampling 


Timet Sampler Sampler Count for GF 
0 min 5-120 min 
7 ie 
5 AGI* 3.8 & 10! 
isn." 2.3 X 10° 37 
GF,’ 6.7 X 10! 316 0 
15 AGI 2.4 %& 10* 
GE 3.0 <X 10° 650 
GF, By fe | ig 1100 0 
30 AGI 3.3 & 10! 
GF 1.3 X 10° 29 
ik, 6.7 X 10! 640 0 
60 AGI 4.0 K 10: 
GF, 0.0 520 
GF, L.3 xX 16 520 0 
120 AGI 3.4 X 10! 
GF, 0.0 700 
GF, 3.0 X 10! 31 0 


* AGI = all-glass impinger; GF. = control gel-foam filter; 
GF, = test gel-foam filter; MF = membrane filter. 

j Interval of prolonged aspiration of test samples follow- 
ing sampling. Control samplers were inactivated during this 
interval. 


was to the maximum value, the less was their resistance 
to air flow. Those filters exhibiting leakage in the order 
of 0.1 to 2.0 per cent also exhibited lower resistance to 
air flow (evidenced by high flow rates). This might be 
expected since lower resistance to flow is probably due 
to larger pore size of the filter material and subsequent 
lessened sampling efficiency. 

To determine whether the sampling efficiency and 
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leakage of the gel-foam filter would vary with th 
relative humidity of the cloud, a second experimey; 
was conducted in which the cloud had a. relatiye 
humidity of approximately 20 per cent. The attain. 
ment of this low humidity was accomplished by 
adding to the chamber tube a 45-in extension tube con. 
taining a layer of silica gel dehydrant approximately 
$4 in deep. A silica gel drying tube was used to dry the 
atomizer air supply. The aerosol was dried appreciably 
as it passed over the layer of dehydrant. The gel-foam 
filters were not aspirated for extended intervals in this 
trial. Results of this experiment are shown in table 5. 
These data indicated that there was no significant 
difference between the collection efficiencies of the two 
samplers at low relative humidity. Leakage of bacterial 
particles through the gel-foam filter was very slight, as 
evidenced by the membrane filter counts obtained, and 
apparently was not influenced by the lower relative 
humidity. 


TABLE 7. Field-sample counts obtained with the all-glass 
impinger and gel-foam filters for similar volumes of 
sampled Bacillus globigit spore aerosol 


Per Cent Gel-Foam 


AGI* GFF Recovery Compared to 
All-Glass Impinger 

2.2 X 10! 0.0 0 
5.9 X 10? 0.0 0 
1.4 X 106 1.2 X 10° 27 
2.6 X 106 1.8 X 106 69 
2.6 X 106 6.4 * 105 25 
3.2 X 108 1.5 X 106 17 
3.0 X 106 2.6 X 106 S7 
9.9 X 105 1.9 < 106 192 
2.1 X 104 6.2 X 10! 23 
0.0 6.6 & 108 

2.0 9.5 X& 103 

0.0 6.0 xX 10° 

0.0 1.0 K 10° 

0.0 5.0 X 10! 

2.1 X 10 0.0 0 
1.3 X 103 0.0 0 
3.6 X& 108 1.4 xX 10° 30 
1.3 & 10° 1.5 X 105 1 
1.8 X 106 5.7 X 105 32 
2.4 X 10' 1.9 <X 103 70 
1.9 X 103 7.0 X 10? 37 
9.0 XK 10? 8.0 K 10° Sd 
1.1 xX 10° 5.0 X 103 15 
1.5 X 103 5.8 & 108 387 
1.4 X 105 1:9 X 105 14 
3.0 X 10! 1.4 x 10! 17 
1.0 X 10° 5.4 X 10! 54 
1.2 X 103 1.3 X 10° 357 
2.0 X 105 9.4 xX 10! 17 
2.8 XK 105 1.3 < 10 5 
3.1 X 10! 1.9 X 10! 61 
3.8 & 10! 2.8 X 10! 74 
1.5 < 103 5.5 & 108 367 


* Total of all-glass impinger count plus pre-impinger count. 
+ GF = gel-foam filter. 
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Studies with Serratia marcescens 


Qne sampling and prolonged-aspiration experiment 
yas completed using Serratia marcescens as the test 
organism. This experiment was the same as that de- 
eribed for B. globigii. The gel-foam filter counts 
presented in table 6 were based on plate counts of less 
than 10 colonies at the undiluted level of assay. Even 
though such counts are not accurate, they do indicate 
that the recovery of S. marcescens by the gel-foam filter 
yas less than 1 per cent of the all-glass impinger re- 
every. Although leakage was general, in no instance 
yas it greater than 5 per cent of the all-glass impinger 
ample. In the light of the poor recovery of S. mar- 
ceescens by the gel-foam filter, no further laboratory 
investigation was carried out with vegetative organisms. 


Field comparison of the all-glass impinger and the 
gel-foam filter 


Gel-foam filter samplers were placed in the field at 
stations of varying distances and directions from the 
point of aerosol generation, with all-glass impingers lo- 
cated at the same stations. Orifices of known flow-rates 
between 6.0 and 6.8 L per min were used in series with 
the gel-foam filters. The filter samples were flow-rated 
by the manometric method. Data were obtained on 
tests using B. globigii and another species of Bacillus as 


TABLES. counts obtained with 


impinge r and the 


Field-sample the all-glass 
gel-foam filter for similar volumes of 


sampled Bacillus spore aerosol 


Per Cent 
* AGI “= Recovery by 
AGI Average GFT GF Conmased 
to AGI 
1.4 x 105 
9.2 x 104 8.9 K 10! at < 166 641 
3.5 X 10° 
la x 10 
z.0 & 10 2.0 10 3.0 & 10° 1500 
2. 9 A! 
0.0 
0.0 0.0 2.5 X 10° 
0.0 
1.9 XK 10! 
1.5 x 105 2% & 8.0 X 10! 296 
La 104 
1.5 x 105 
1.6 * 105 1.4 xX 105 2.8 X 105 200 
LA xX. 10 
S.0 & 10 
6.2 * 103 ! 


3X 10! 1.9: XX 104 44 
No sample : 


* AGI = all-glass impinger. 
+ GF = gel-foam filter. 
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sampled aerosols. Data from these tests are presented 
in tables 7 and 8. 

teference to table 7 indicates that the gel-foam 
filter sampler did not function as well in the field as 
might have been expected from the laboratory results. 
The average recovery of the filter was only about one- 
third of that recovered from the all-glass impinger. 
Considerable variance was observed in the individual 
percentage recoveries. However, it was not possible to 
determine the variance between impinger or gel-foam 
filter counts, since only one all-glass impinger and one 
gel-foam filter were located at each station. 

The six comparisons listed in table 8 indicate that, 
in most cases, the gel-foam filter recovered Bacillus 
spores much more efficiently than did the all-glass 
impinger. 


DIscUSSION 

From the results of laboratory experiments, it appears 
that the only valid criticism of the gel-foam filter is its 
low efficiency in collecting vegetative organisms. Non- 
uniformity of material may be overcome by flow-rating 
individual filters. None of the samples prepared as de- 
scribed in this paper exhibited a tendency either to 
crack or channel or to offer undesirably high resistance 
to air flow. Solubility was greatly increased by elimina- 
tion of the unnecessary ethylene oxide sterilization 
and by using a warm solvent. Use of ethylene oxide 
apparently causes some denaturation of the gelatin 
and results in decreased solubility of the filter. None of 
the control samples assayed routinely with each test 
were found to be contaminated. 

Warming of the solvent to 40 to 45 C greatly de- 
creased the time required for dissolution of the filter. 
Iixperiments have indicated that neither B. globigii 
spores nor S. marcescens cells were affected when al- 
lowed to stand in the solvent at 40 to 45 C for intervals 
of as long as 45 min. 

The success reported by Mitchell e¢ al. (1953) was 
undoubtedly due to the fact that the microorganisms of 
interest to them were either in the spore state or at 
least in a dry-stabilized condition. 

Since the gel-foam filter sampler has the advantages 
of assay by dilution and ease of handling, and will not 
freeze or evaporate, it appears to be a useful contribu- 
tion to the field of specialized aerosol samplers. 

The relative humidity encountered during the 
pressing operation has been seen to have great influence 
on the resistance of the resulting filter pad to air flow. 
This might be expected since the gel-foam material at 
high relative humidity is probably more compressible, 
vielding a more compact and less porous pad after 
pressing. It is felt that low resistance to air flow is 
advantageous, since higher flow rates than those used 
in these experiments may be readily obtained. For this 
reason, pressed gel-foam filters should be prepared at a 
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low relative humidity (10 to 20 per cent). Relative 
humidity during sampling had little effect on flow-rate. 

Resistance to air flow as high as previously reported 
(Guyton et al. 1955) was never observed in the filters 
prepared as described in this paper. Dry-pressed filters 
rarely exhibited greater resistance to air flow than 50 
mm Hg at a flow-rate of 6.76 L per min. The highest 
resistance observed with damp-pressed filters was 170 
mm Hg at a flow-rate of 5.06 L per min. 

Laboratory chamber experiments have shown the 
gel-foam filter to be as efficient a sampler of bacterial 
spores as is the all-glass impinger. However, vegetative 
cells are not sampled satisfactorily by the gel-foam 
filter. This is probably due to death by impact with the 
filter surface or by the drying of the sampled cells dur- 
ing aspiration. 

Total penetration of the filter was never observed to 
be greater than 2 per cent of the total number of cells 
collected. Those particles that passed through the 
filter and were counted on the membrane filter were 
probably of very small size and may represent greater 
than 2 per cent of the number of particles sampled. 
However, the gel-foam filter enumerates total cells 
sampled and not total particles. For this reason, 
leakage observed both with fluorescent particles and 
with bacterial spores is not sufficient to render the 
gel-foam filter impractical. 

It is not possible at this time to explain the poor 
recovery of B. globigii spores in field trials. In the light 
of good results obtained in the laboratory using this 
organism and the field trial using the Bacillus spores, 
it is strongly felt that further investigation is merited. 
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SUMMARY 


Kthylene oxide sterilization of the gel-foam. file 
decreases its solubility and has been found unnecessary 
with commercially prepared gel-foam bricks. 

A small, variable percentage of aerosol particles will 
pass entirely through the filter. However, the amounj 
is not sufficient to be of consequence. 

When filters are prepared by pressing, low relative 
humidity is desirable to maintain low resistance to air 
flow. 

Individual gel-foam filters may be easily flow-rated 
by manometric methods. 

The gel-foam filter is an unsatisfactory sampler of 
vegetative bacterial cells. 

Laboratory experiments have shown the gel-foam 
filter to be as efficient a sampler of spore aerosols as is 
the all-glass impinger. Field experiments exhibited 
such extreme variation that no comparison between the 
gel-foam filter and all-glass impinger could be made. 
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Factors Affecting a Routine Novobiocin Cylinder-Plate Assay' 
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A recent publication by Wallick et al. (1956) an- 
nounced the discovery of the new antibiotic, Catho- 
mycin,” a fermentation product of a strain of Strepto- 
myces spheroides n. sp. A study was undertaken to 
determine those factors which would affect a routine 
cylinder-plate assay. included: 
sensitivity, zone clarity, and routine handling of large 
The 
presented in this paper. 


novobiocin These 


numbers. of results now available are 


assays. 


EXPERIMENTAL METHODS 


Novobiocin was available in two forms: a completely 
water-soluble sodium salt, and the free acid. The basic 
assay procedure was the one described by Wallick et al. 
(1956). A spore suspension of a selected strain of 
Bacillus subtilis (ATCC-12432) was used as the test 
organism. The basic assay medium contained Wilson’s 
peptone, 0.5 per cent; beef extract, 0.3 per cent; 
yeast extract, 0.3 per cent; and agar, 1.5 per cent; at a 
pH of 5.9 to 6.1. Six stainless-steel cylinders, placed on 
the surface of the single seeded layer, were filled with 
the appropriate solutions under test. The standard 
curves were prepared using novobiocin concentrations 
varying from 2 to 16 wg per ml with a reference value 
of 4 wg per ml. The plates were incubated at 28 C for 
18 to 24 hr and the zones of inhibition were measured. 
Each experimental variable was replicated with five 
assay plates. For the control procedure, the 95 per cent 
precision limits for the routine novobiocin assay with 5 
plates is + 13.5 per cent. 


LESULTS 

Cylinder vs. paper-disc method. The paper-dise method 
gave larger inhibition zones than those obtained with 
the cylinders at any given concentration. However, 
inasmuch as the cylinders gave equally sharp zones, 
satisfactory dose-response curves, and were far easier to 
handle with an automatic dispenser (Christiansen and 
Zygmunt, 1952), they were adopted for the large-scale 
routine operations. 

Incubation temperature and inoculum density. The 
results in table 1 show that raising the incubation 
temperature and/or increasing the inoculum density 

1 This paper was presented at the 56th General Meeting of 
the Society of American Bacteriologists, Houston, Texas, 
April 29-May 3, 1956. 

> Cathomycin is the trade name of Merck & Co., Inc. for 
novobiocin. 
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TABLE 1. Effect of incubation temperature and inoculum density 


= TT . 
Incubavuion Temperature (C) 
Inoculum 


Level ] ] : = 
25 | 27 Rr* | 28 33 | 37 
Inhibition zones (mm) 

ml/L 

0.3 21:OF 20.6 19.8t 18.9 16.6 
1.0 - 20.3 19.5} 18.5 18.4f 16.0 
3.0 20.8 20.5 19.3 1&2 18.07 15.8 
10.0 19.7 19.7 18.0 17.3 16.9 15.0 
30.0 19.0 18.3} 16.8 16.3 [527 14.2 

Slope of dose response curves 

0.3 3.0+ 29 act 2.6 a | 
1.0 — 2.8 2.8 3.0 2.5 2.3 
3.0 2:1 23 2.6 2:5 25 2.0 
10.0 2:0.) 2.4 2.4 2.4 2.2 | 1.9 
30.0 1.6 25 2.3 2.2 am 1.8 


| 
| 


* Room temperature 25 to 32 C. 
+ Zone of inhibition in mm obtained with the 
test solution. 


4 wg per ml 


t Best plates obtained at each inoculum level. 


tended to decrease the inhibition-zone diameters. The 
slopes* of the dose-response curves had a tendency to 
vary at the extremes of temperature and inoculum 
concentration. The optimum conditions were generally 
1 to 3 ml of inoculum per L of medium and an incuba- 
tion temperature of 28 to 33 C. 

pH of the diluting phosphate buffer. The results in 
table 2 show that the best inhibition zones were ob- 
tained in the range of pH 5.0 to 6.0. Increasing the pH 
above 6.0 resulted in a reduction in zone size and 
clarity and a tendency toward higher dose-response 
curve slopes. 

Concentration of diluting pH 6.0 phosphate buffer. 
The results in table 3 show quite markedly that an 
increase in the phosphate concentration resulted in 
larger zone sizes. The clarity of the zones was excellent 
at all levels, while the dose-response-curve slopes were 
not affected. A 3- to 4-fold increase in sensitivity was 
obtained at the 8 to 10 per cent phosphate level. 

pH of the assay medium. When the pH of the assay 
medium and the diluting phosphate buffer were both 
adjusted to 5.0, an increase in sensitivity of 4-fold or 

3 Slope as defined here is obtained by plotting log concentra- 
tion of antibiotic against mm of inhibition. That number of 


mm difference obtained by doubling the log concentration is 
the slope. 
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TaBLe 2. Effect of pH of diluting phosphate buffe: 


Inhibi 
Phosphate Buffer Solution tion Slope Comments 
Zone 
mm 
pH 5.0: KsHPO.—0. 142 g 19.0* 2.4 Zones sharp 
KH.PO,—6.664 g and clear 
1L HO 
pH 5.5: Equal portions, pH 5.0) 18.8 |) 2.4) Zones sharp 
and pH 6.00) M/20 and clear 
phosphate buffer 
pH 6.0: KzZHPO,—0.798 g IS.4 2.4. Zones sharp 
KH»PO .—5.606 g and clear 
1L HO 
pH 7.0: KzHPO,—1.805 g 15.8 2.9 Zones sharp 
KH.PO.;—1.001 ¢ 
1L HO 
pH 8.0: KsHPO.—16.73 g 13.9 3.5 Zones light 
KH.PO;—0.523 g 


* Zone of inhibition obtained with the 4 wg per ml test 
solution; incubation temperature, 33 C. 


TABLE 3. Eff ct of concentration of diluting phosphate buffer 


Inhibi 
Phosphate Buffer Solution a Slope Comments 
Mm 
pH 6.0, m/20: KzsHPO;—0.798 g s18.4* 2.4. Zones sharp 
KH.PO,—5.606 g and clear 
1L HO 
pH 6.0,1%: K2HPO;—2 g 19.4 2.6 Zones sharp 
KH2PO;—8 g and clear 
1L HO 
pH 6.0, 4%: K2HPO,;—8 g 21.5 2.4) Zones sharp 
KH2PO.—32 g and clear 
1LH0O 
pH 6.0,8%: K2HPO;—16 g 22.3. 2.6 Zones sharp 
KH.PO.,—64 g and clear 
1L H:O 
pH 6.0, 10%: K2HPO;—20 g 22.8 2.6 Zones sharp 
KH-2PQO;—80 g and clear 
1LH: 


* Zone of inhibition obtained with the 4 ug per ml test 
solution; incubation temperature, 33 C. 


better was obtained. The best results were obtained at 
28 to 30 C with an inoculum level of at least 10 ml per 
L. None of the temperatures or inoculum levels studied, 
however, gave zones as sharp or clear as the control 
plates at pH 6.0. 

Glucose addition. The results in table 4 show that 
the addition of 0.25 per cent of glucose to the assay 
medium resulted in zone increases varying from 1.1 to 
2.5 mm at the various temperatures studied. No further 
increases were noted above this level. It might be noted 
that the background of the plates containing glucose 
was darker, indicating that some caramelization of the 
sugar had probably occurred during sterilization. The 
increase in zone size was probably due to a lowering of 
the pH of the medium, thus increasing the activity of 
the novobiocin. 


WALTON, BULBULIAN, AND MURPHY 


[VOL. 4 
TaBLe 4. Effect of glucose addition 
Temperature (C) 
Glucose 25 28 33 37 
Zone of inhibition 
0.0 2.7* 18.3 18.2 15.8 
0.25 21.8 20.5 20.5 18.3 
0.5 21.3 20.5 20.2 17.5 
1.0 21-3 20.0 19.3 17.3 


* Zone of inhibition obtained with the 4 ug per ml test 
solution, 


TABLE 5. Effect of depth of assay medium 


Depth of Assay 
Medium 


Zone of 
Inhibition* 


Assay Medium c 
) - Ss 
Per Plate ommen 


mn ml mn 

1.0 5.0 22.0 Light background 
1.5 10 21.0 Good sharp zones 
2.0 10.5 20.2 Good sharp zones 
2.5 12.5 20.3 Good sharp zones 
3.07 15.07 19.6 Good sharp zones 
3:5 17.5 18.6 Good sharp zones 
1.0 20.0 18.2 Good sharp zones 
1.5 22.5 18.3 Zones not sharp 
5.0 25.0 18.0 Zones not sharp 


* Zone of inhibition obtained with the 4 4g per ml test 
solution, plates = inside depth 18 mm, outside diameter 
95 mm; incubation temperature, 28 C. 

+ Control. 


Depth of assay medium. The results in table 5 show 
that good sharp zones could be obtained when the 
depth of the agar varied from 1.5 to 4 mm. At the 
lower level, an increase in zone size of about 1.5 mm 
was obtained over that of the control at a 3.0-mm level. 

Preparation of the assay plates. The use of a seed 
layer over a base layer did not give results sufficiently 
superior to warrant the increased time and effort. re- 
quired in using this procedure over the single-seeded 
layer in large-scale routine operations. It might be 
noted, however, that the use of a plain base agar (Reilly 
and Sobers, 1952) in the two-layer procedure did give 
larger zones than when a nutrient-base agar was used. 

Sodium chloride addition. The addition of varying 
amounts of sodium chloride to the assay medium pro- 
duced little or no effect. At the 0.25 per cent level, 
there was a slight reduction of zone size at 25 C, but 
little or no change occurred at the higher temperatures. 
The clarity of the zones was not affected. 

Time lapse in running samples. The results in table 6 
show that a delay between the addition of the test 
sample and reference standard to the assay cylinders 
of 8 to 15 min resulted in a loss of 7.0 to 7.7 per cent in 


the apparent potency. This is considerably less than 
the 30 per cent reported for bacitracin by Pinzelik et al. 
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TasLe 6. Effect of delay between addition of test and reference 
solutions to the cylinders 
Interval Between 


Addition of Sample 
and Standard 


Calculated Potency 


of Test Sample* Difference 


min pg/ml % 
0 1.05 0.0 
0.5 1.03 —0.5 
] 1.07 +0.5 
2 3.81 —5.9 
1 3.81 —5.9 
S 3.76 Fee 
15 3.74 —7.7 
* Incubation temperature, 28 C. 
TaBLe 7. Effective diffusion time 
Cylinders Discs 
Test Solution 
Removed After Zone of <] Zone of | 
inhibition* es inhibition is 
yim 
30 min 13.0 2.9 14.2 1.0 
l hr 14.5 3.0 pr | 3.5 
2 hr 15.3 3.0 18.7 3.5 
3 hr 16.9 2.8 19.9 3.2 
thr 17.2 2.6 20.3 ae 
IS hr 17.3 2:3 20.5 2.8 


* Zone of inhibition obtained with the 4 ug/ml test solution; 
incubation temperature, 28 C. 


TaB.LeE &. Effect of combining 0.25 per cent glucose plus pH 6.0 
phosphate buffer 10 per cent + 7.5 ml basic assay 


agar medium per plate 


+ wg per Fold Since 
Ml Increase i 
mm* 
Control: no glucose, pH 6.0) M/20 
buffer, 15 ml agar 18.0 2:5 
0.25 per cent glucose, pH 6.0. buffer 
10 per cent, 15 ml agar 22.8 { 2.5 
0.25 per cent glucose, pH 6.0. buffer 
10 per cent, 7.5 ml agar 25.5 6 2.4 


* Incubation temperature, 28 C; all plates had clear and 
sharp zones. 


(1953). Nevertheless, a limit of 1 min was established 
for the routine procedure. 

Refrigeration of completed plates. Storage of plates 
with filled cylinders in the refrigerator for 3 hr prior to 
incubation did not increase the size of the inhibition 
zones. After 4 hr, there was an increase of only about 
0.5 mm. There were no changes in the dose-response 
curves. 

Effective diffusion time. The results in table 7 show 
that maximum zone size is obtained if the antibiotic 
solution is allowed to remain in contact with the agar 
for at least 4 hr before removal. The zone size is a 
function of growth of the test culture and diffusion of 


the antibiotic. The 4-hr incubation period is sufficient 
for the optimum combination of these processes. 

Assay of fermentation broths. It was found in the 
assay of submerged-culture broths that removal of the 
mycelium by centrifugation or filtration resulted in a 
reduction of the potency of the sample by 20 per cent 
or better. Routinely, whole-broth samples are diluted 
directly with the pH 6.0 phosphate buffer. 

Sulfathiazole addition. The addition of 10 to 20 
ug per ml of sulfathiazole (Dye et al., 1952) to the 
assay medium resulted in a 2-fold increase in the 
sensitivity of the assay. However, the inhibition zones 
obtained had very poor clarity and, as a result, were 
very difficult to read. 

Combination of glucose, pH 6.0 phosphate buffer 10 
per cent, and reduced volume of assay medium. The re- 
sults in table 8 show that combining 0.25 per cent 
glucose plus pH 6.0 phosphate buffer 10 per cent and 
7.5 ml of agar medium resulted in a 6-fold increase in 
sensitivity. Zone clarity was good, and no alteration 
in the dose-response-curve slopes was observed. 


DIscUSSION 


Results are presented to show that the sensitivity of 
a routine novobiocin cylinder-plate assay can be in- 
creased in a variety of ways. These include: increasing 
the concentration of the pH 6.0 phosphate buffer, 
adding 0.25 per cent glucose, reducing the level of the 
single-seeded layer in the assay plate to 1.5 mm, using a 
pH of 5.0 for both the assay medium and the diluting 
phosphate buffer, and adding 10 to 20 yg per ml of 
sulfathiazole to the assay medium. The latter two 
variables resulted in zones of very poor clarity. 

When the effects of adding 0.25 per cent glucose 
plus pH 6.0 phosphate buffer 10 per cent and 7.5 ml 
agar-medium volume were studied in combination, it 
was shown that a 6-fold increase in sensitivity could be 
obtained. Zone clarity was good and no alteration in 
dose-response-curve slopes was observed. 

Zone clarity was shown to be at its maximum when 
the inoculum level varied between | to 3 ml per L and 
the incubation temperature varied between 28 to 33 C. 
Likewise, keeping the pH of the diluent between 5.0 
and 6.0 appeared optimum. 

It was also shown that a time lapse of 8 to 15 min 
between the addition of test sample and _ reference 
standard to the evlinders resulted in an apparent 
potency loss of 7.0 to 7.7 per cent. Whole-broth fer- 
mentation samples diluted directly in pH 6.0 phosphate 
buffer were found to give assay values 20 per cent or 
higher than samples of diluted filtered broth. 

From a routine handling point of view, the use of 
cylinders and a single-seeded layer of assay agar were 
found satisfactory and 
operation. 


timesaving for large-scale 
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SUMMARY 

A study was made of the factors affecting a routine 

novobiocin cylinder-plate assay. Combining the ad- 

dition of 0.25 per cent glucose to the basic assay me- 

dium, the use of pH 6.0 phosphate buffer 10 per cent 

and 7.5 ml-medium volume resulted in a 6-fold increase 
in assay sensitivity and good zone clarity. 
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The utilization of hydrocarbons by bacteria was 
described by Stone et al. (1940, 1942) and Bushnell 
and Haas (1941). These workers presented their own 
observations and reviewed observations of previous 
workers. The large variety of microorganisms capable 
of oxidizing hydrocarbons include the genera .Methano- 
monas, Mycobacterium, Pseudomonas, and Coryne- 
bacterium, as well as other bacteria, certain actino- 
mycetes, and filamentous fungi. Sdhngen (1906) isolated 
from methane-enrichment culture a bacterium which he 
called Bacillus methanicus, a short motile rod, later 
renamed Methanomonas methanica by Orla-Jensen 
(1909). Tausz and Peter (1919) isolated with n-heptane 
and cyclohexane enrichment, respectively, two soil 
bacteria which they named Bacterium aliphaticum and 
Bacterium aliphaticum liquefaciens, both of which prob- 
ably belong to the genus Pseudomonas. These workers 
also isolated with mineral oil enrichment a ‘Paraffin 
bacterium” described as a gram positive, sporeforming 
rod, not since classified. Corynebacteria wete observed 
by Haag (1926), Jensen (1934), and Bushnell and Haas 
(1941) to utilize paraffin hydrocarbons, and Séhngen 
(1913), Buttner (1926), Haag (1927), Jensen (1934), 
and Bushnell and Haas (1941) observed the utilization 
of paraffin by certain mycobacteria. Nechaeva (1949) 
described two methane-utilizing mycobacteria, M yco- 
bacterium flavum var. methanicum and Mycobacterium 
methanicum n. sp- Both of these bacteria were reported 
to utilize a wide range of complex organic media. 
Nechaeva pointed out that 7. methanicum n. sp. also 
utilized propane as a sole carbon source and _ that 
Mycobacterium flavum var. methanicum utilized propane 
and hexane. These were the only hydrocarbons beside 


methane that he tested. Bokova (1954) reported ob- 
servations on two mycobacteria: Mycobacterium per- 
rugosum var. ethanicum which utilized ethane and 
higher paraffinic gaseous hydrocarbons, but not 
methane; and Mycobacterium rubrum var. propanicum 
which utilized propane and higher paraffinic gaseous 
hydrocarbons, but not methane or ethane. Both of 
these mycobacteria were reported to utilize a wide 
range of complex organic media. The observations of 
Nechaeva and of Bokova came to the attention of the 
authors following the completion of work described 
herein. 

It is not our purpose to discuss the numerous observa- 
tions made regarding hydrocarbon assimilation by 
bacteria. For an extensive review see that of ZoBell 
(1950). In the present paper, a description is given of a 
mycobacterium which -utilizes for growth paraffinic 
gaseous hydrocarbons, with the exception of methane, 
and is further differentiated from common soil forms 
such as Mycobacterium lacticola and Mycobacterium 
phlei by its inability to utilize common bacteriological 
organic media. 


IXPERIMENTAL METHODS AND RESULTS 


Isolation methods. Soil was obtained from below the 
grass roots level. Ten-g aliquots of the soil were placed 
in 60-ml bottles, to which were added 10 ml of a mineral- 
salts solution of the following per cent composition: 
(NH,)2S03, 0.1; NaeCO;, 0.01; KHePOs, 0.05; 
MgsS0O,-7H.0, 0.02; CaCl, 0.001; FeSO,-7H2O, 0.0005; 
and MnSOx,, 0.0002. The bottles were fitted with capil- 
lary glass manometers (figure 1), and ethane was added 
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Fic. 1. Manometer system, assembled and disassembled. 


a, 2-0z bottle; b, metal cap; c, neoprene gasket; d, capillary 


tubing manometer with flared end. 





Fig. 2. 
mineral-salts agar plate. Sprinkled with soil, incubated under 
1) per cent ethane, 20 per cent oxygen, and 40 per cent nitrogen, 


Colonies of Mycobacterium paraffinicum n.sp. on 


through the manometers after evacuation of the bottles. 
The ethane (99.9 mol per cent)! was used ordinarily in 
a concentration of 40 per cent mixed with 20 per cent 
oxygen and 40 per cent nitrogen. Mercury was used as 
the manometer fluid. 

Where growth of the bacteria occurred, usually after 
10 to 20 days of incubation at 30 C, gas uptake resulted 
with the manometer registering negative pressure within 
the bottles. Negative pressure gradually reached a maxi- 
mum of about 150 mm of mercury as the result of 
oxygen depletion. A pellicle formed over the surface 
of the supernatant mineral-salts medium concurrently 
with progressive gas uptake. This pellicle, at first 
white, later became yellow and flaky in appearance. A 

1 Research Grade ethane, purchased from Phillips Petro- 


leum Company, Bartlesville, Oklahoma. 
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Fic. 3. Stock slants with copious growth of the purified 
bacterial cultures upon mineral-salts agar in a gas mixture 
similar to that used in isolation. 


loop of the pellicle was streaked upon plates of the min- 
eral salts medium containing 1.5 per cent washed agar. 
Colonies which developed were typical of mycobacteria, 
being waxy, wrinkled, and yellow pigmented. 

An even simpler means of isolation was accomplished 
by directly applying air-dried, powdered soil upon a 
mineral-salts agar plate. After incubation of the plate 
for about 20 days in a desiccator containing the ethane 
gas mixture, colonies of the bacteria ranging in diameter 
from 1 to 5 mm were observed upon the soil and agar 
surfaces (figure 2). These colonies had a similar appear- 
ance to the colonies which developed from the pellicle 
growth previously described. Purification of the colonies 
was accomplished in either case, ordinarily after 2 or 3 
transfers. Stock slants with copious growth of the 
purified bacterial cultures upon mineral-salts agar 
may be maintained in screw-cap tubes (figure 3). 
These were prepared by inoculating the slants and 
incubating the open tubes in desiccators for 15 days in a 
gas mixture similar to that used in isolation. 

No growth of the bacterium has been obtained in gas 
uptake systems with methane (at least 99 mol per cent) 
serving as the carbon source in a 40 per cent concentra- 
tion in air. Ethane-grown bacterial cells were tested in 
respirometer experiments for their ability to oxidize 
methane. The methane used contained 0.5 per cent 
ethane as an impurity. Forty per cent methane in air 
was used. Oxidation occurred, but subsequent experi- 
ments using (C™) radiomethane and (C™) radioethane 
showed that the apparent oxidation of methane (see 
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Fic. 4. Oxidation of gaseous paraffinic hydrocarbons by cell 
suspensions of ethane-grown Mycobacterium  paraffinicum 
n.sp. All the hydrocarbons were used at a 40 per cent concen- 
tration in air. 





Fic. 5. Mycobacterium paraffinicum n. sp., phase contrast 
photomicrograph. 


figure 4) was actually due to oxidation of the ethane 
impurity. A bacterial-cell suspension was incubated 
with radiomethane and the carbon dioxide produced 
was recovered as barium carbonate which had a specific 
activity of only 4 cpm. The use of radioethane (of the 
same activity as the radiomethane) resulted in a barium 
carbonate specific activity of 234 cpm. 
Ethane-grown bacterial cells readily oxidize propane 
(99.99 mol per cent) and n-butane (99.78 mol per cent), 
both of which are ethane free (figure 4), and likewise 
utilize these gaseous hydrocarbons for growth. In the 
growth experiments each of these gases was used 
arbitrarily in a 40 per cent concentration in air, 
Description of the bacterium. The bacterium is a 
slender rod about 0.5 to 0.7 » wide and 3 to 7 uw long 
(see figure 5). On microscopic examination of the bac- 
terial growth, the cells have a characteristic tendency 


AND R. L. RAYMOND [voL, 4 





Fic. 6. Electron photomicrograph of Mycobacterium paraf- 
finicum n. sp. 


to appear in cords or show what could be termed a 
log-jam arrangement. This is particularly pronounced 
in pellicular growth taken from liquid mineral salts 
medium. Under phase contrast examination, the cells 
are observed to have granules, ordinarily one at each 
terminal. These are particularly pronounced in an 
electron photomicrograph (figure 6). The bacterium is 
nonmotile, gram positive, acid-fast, and forms yellow, 
waxy, wrinkled colonies on mineral salts agar medium. 
These colonies are similar in appearance to those of 
M. phlei. A distinctive characteristic which separates 
the bacterium from M. phlei is the inability of the 
former to grow on bacteriological media such as pep- 
tone, yeast extract, or glucose. Attempts to adapt the 
organism to grow on these media have failed, although 
the bacterium will grow readily upon these media in 
the presence of ethane. Transfers of growth from these 
media to fresh media in the absence of the hydrocarbon 
consistently results in no growth of the bacterium. The 
bacterium will grow in the presence of n-pentane, n- 
hexane, n-heptane, n-octane, and n-decane, and possibly 
many other paraffinic hydrocarbons. 

It is proposed that the bacterium herein described 
be given the name Mycobacterium paraffinicum. This 
proposal is based upon the following three observations: 
(1) the morphological, staining, and cultural charac- 
teristics of the bacterium place it in the genus .\/yco- 
bacterium; (2) the bacterium can be distinguished 
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readily from other known mycobacteria by its inability 
to utilize common bacteriological media; and (3) the 
bacterium utilizes paraffinic hydrocarbons (other than 
methane). 

Physiologic characteristics. Glucose, peptone, yeast 
extract, glycerol, ethanol, acetate, and acetaldehyde 
are among the nonhydrocarbon carbon sources used in 
attempts to grow J. paraffinicum. Only ethanol and 
acetate supported the growth of the bacterium. Growth 
upon these substrates was meager, but sufficient for the 
obtention of cells for respirometer experiments. 

Stanier (1947) pointed out that bacteria grown upon 
a particular substrate develop enzymes capable of 
oxidizing compounds intermediate between the par- 
ticular substrate and the final products. Their ability 
or inability to oxidize certain hypothetical intermediates 
may thus serve as criteria of whether or not the tested 
compounds are true intermediates. Incorporated in this 
philosophy is the theory that bacterial growth on a 
particular intermediate will result in bacterial enzymes 
adapted to oxidize intermediates principally in’ the 
direction of the more oxidized intermediates or 
products, and not in the reverse direction. Bacteria 
ordinarily do not develop enzymes capable of oxidizing 
intermediates that occur in the biochemical chain pre- 
ceding the intermediate (substrate) upon which the 
bacteria are grown. 

A study of the oxidation of ethane and its hypo- 
thetical oxidative intermediates has been approached 
with the above considerations in mind. VW. paraffinicum, 
grown on mineral-salts agar with ethane as the only 
carbon source, was tested for its ability to oxidize 
ethane, ethylene, ethanol, acetaldehyde, and acetate. 
The cells were harvested, suspended in 0.85 per cent 
sodium chloride solution, centrifuged, and the bacterial 
cells resuspended in the saline solution with 0.1 per 
cent phosphate buffer added. The suspensions were 
recentrifuged and the cells resuspended in the above 
solution. The final suspension contained about 20 mg 
(dry wt) of bacterial cells per ml. The above procedure 
experiments. Ethane, 
ethylene, ethanol, acetaldehyde, and acetate were 


was followed in subsequent 
oxidized by these suspensions (see figure 7). The oxida- 
tion of the above hypothetical intermediates of ethane 
oxidation by VW. paraffinicum indicates only that these 
compounds could be true intermediates. It does not, 
of course, prove that they are intermediates. A possible 
biochemical route of ethane oxidation in its simplest 
form would be: 
CH;—CH; — CH,=CH, — CH;CH.OH — 
CH.CHO — CH;,COOH — bacterial cells, 
CC )o and H.O 
Iexperiments performed in which MM. 
parafinicum was grown upon 1 per cent ethanol and 1 


were 


per cent potassium acetate, respectively, and cell 
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Fic. 7. Oxidation of ethane and its hypothetical oxidative 
intermediates by ethane-grown cells of Mycobacterium paraf- 


finicum n. sp. Ethane, 20 per cent; ethylene, 1 per cent in 


air; all others 0.1 mM. 


suspensions tested for their ability to oxidize ethane? 
In these experiments, another bacterium, isolate A, 
was also employed. Isolate A, isolated from soil using 
ethane-enrichment culture, is a rod-shaped, acid-fast, 
yellow-pigmented, nonsporeforming bacterium which 
readily utilizes common bacteriologic media such as 
peptone, yeast extract, and glucose, in addition to 
ethane. This bacterium was grown upon ethanol and 
acetate, respectively, and cell suspensions were tested 
for their ability to oxidize ethane, aongside J. 
paraffinicum. M. paraffinicum cells, grown on ethanol, 
readily oxidized ethane, whereas acetate-grown cells 
did not (see figures 8 and 9). Both ethanol-grown and 
acetate-grown isolate A cells failed to oxidize ethane. 
The point of interest is that cells of JV. 
paraffinicum, when grown upon the hypothetical inter- 
mediate, ethanol, still retain the enzymic mechanism 
for oxidizing ethane, which, of course, precedes ethanol 
in the oxidative chain. This observation points up the. 


most 


constitutiveness of the ethane-oxidizing enzymes in 
M. paraffinicum as against the lack of this constitutive 
property in isolate A. 

Carbon balance. Attempts have been made to detect 
intermediates in cultures of J. 
parafiinicum. While traces of ethylene and an un- 
identified 


ethane-growth 


alcohol have been indicated, the only 
definitely detectable products of ethane oxidation are 
bacterial cells and carbon dioxide. The equation for 


complete oxidation of ethane is as follows: 
CoH, + 3.502 — 2CO. + 3H2O (1) 


2 No growth of the bacteria occurred with ethylene or, as 
mentioned above, acetaldehyde. 
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Fig. 8. Oxidation of ethane by ethanol-grown cells of Myco- 
bacterium paraffinicum n. sp. Ethane, 20 per cent in air; ethanol 
0.1 mM. 
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Fic. 9. No oxidation of ethane by acetate-grown cells of 
Mycobacterium paraffinicum n. sp. Ethane, 20 per cent in air; 
sodium acetate, 0.1 mM. 


However, during growth about one-half of the carbon 
is incorporated into cell material, thus: 


CoH. + 2.502 > (CH.O) + CO. + 2H:0 (2) 


bacterial cells 


A respirometer determination of ethane and oxygen 
uptake, in the absence of growth of 1. paraffinicum, 
shows that equation (1) obtains. In growth cultures 
equation (2) obtains, with slight variation. Very little 
of the oxidative intermediates between ethane and the 
above-mentioned products accumulate, and presumably 
the intermediates of ethane oxidation never get outside 
the bacterial cell before they are further metabolized. 


B. DAVIS, H. H. CHASE, AND R. L. RAYMOND 


IVOL, 4 


DiscuUSSION 

The most interesting characteristic of M. paraffinicum 
n. sp. is its inability to assimilate methane and complex 
organic media. The organism has been isolated from 
numerous soil samples from widely distributed oj] 
fields. Currently, we have 19 purified isolates which 
conform rigidly to the following characteristics: long, 
slender, strongly acid-fast rods showing Much’s granules 
with Ziehl-Neelsen yellow, waxy, wrinkled 
colonies; no growth on nutrient-agar media, glycerol, 
or methane. 


stain; 


In contrast of this type of ethane utilizer, we have 
isolated five other distinct ethane-utilizing  micro- 
organisms on which we plan to report in detail in the 
future. These, tentatively, may be described as follows: 
(1) Two acid-fast rod-shaped bacteria distinguished 
only by pigmentation; both (yellow form, 12 isolates: 
white form, 10 isolates) form fairly smooth, soft 
colonies, grow readily on a wide range of organic media, 
but do not attack methane. (2) Nocardia (16 isolates), 
which form salmon or pink colonies, definitely are not 
acid-fast, grow readily on complex organic media, do 
not attack methane, and their mycelia fragment to 
irregularly shaped rods and coccoids after a few days 
with ethane media, or 12 hr on nutrient agar. Colonies 
never form aerial mycelia. (3) Streptomyces (only 2 
isolates on hand), which readily attack complex organic 
media and methane, form white, powdery colonies with 
characteristic odor of actinomycetes. (4) A nonseptate, 
sporogenous, filamentous fungus, which utilizes com- 
plex organic media but not methane, forms copious 
white, aerial mycelia, 

M. paraffinicum n. sp. is distinguished from all the 
other types by its inability to grow on nonhydro- 
carbon media (with the exception of ethanol and acetate 
—see above). The other types attack ethane only after 
a lag period if the organisms are grown on nutrient agar 
or glucose media, for example. Ethanol-grown cells of 
M. paraffinicum n. sp. attack ethane immediately 
whereas ethanol-grown cells of isolate A, a representa- 
tive of the 12 yellow, soft, bacterial cultures described 
above, do not. 

Of the 19 isolates classified as /. paraffinicum un. sp. 
there is a degree of variation in the rapidity with which 
propane and n-butane are utilized for growth. Higher 
normal paraffinic hydrocarbons are attacked more 
readily and consistently by the 19 isolates. The species 
term ‘‘paraffinicum” is meant to connote the general 
utilization of gaseous and liquid paraffinie hydro- 
carbons, utilized. While 
methane is a paraffinic hydrocarbon, its distinction of 


although methane is not 
not being oxidized by the organism should not prevent 
the use of the term paraffinicum. Furthermore, the use 
of ethane as a selective substrate for isolation purposes 


should not rule the selection of a species name, since 
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other paraffinic hydrocarbons are utilized by the iso- 
lates. The creation of a new species of mycobacteria 
which utilizes paraffinic hydrocarbons almost ex- 
cusively for growth appears warranted, since former 
workers have consistently reported that the paraffinic 
hydrocarbon-utilizing mycobacteria with which they 
worked grew on nutrient agar, glucose, glycerol, and/or 
other nonhydrocarbon media. Furthermore, besides 
the reports of Nechaeva (1949) and Bokova (1954), no 
mycobacteria capable of utilizing gaseous, paraffinic 
hydrocarbons have been adequately described. It is 
worthwhile to discuss, briefly, two points pertinent to 
observations concerning hydrocarbon-utilizing bacteria. 
Firstly, in the course of work with M. paraffinicum n. sp. 
we observed some growth of the bacterium upon 
mineral agar plates incubated with pure grade methane.’ 
This methane contained about 0.5 per cent ethane. 
Using small amounts of radioactive (C') methane and 
radioactive ethane alternately as supplements to the 
pure grade methane, it was determined that only ethane 
that is, the formed cell material 
was radioactive only when radioactive ethane was used 
as the supplement. It is apparent that the bacteria 
grew solely on the ethane present as an impurity in the 
methane. The purity of the hydrocarbon used is of the 
utmost importance in establishing whether or not a 


carbon is assimilated 


certain microorganism is capable of utilizing it. It is 
preferable to use research grade hydrocarbons with a 
purity approaching, as much as possible, 100 mol per 
cent. 

Secondly, one must be careful in interpreting results 
based upon testing the hydrocarbon-utilizing ability of 
colonies which develop upon nutrient-agar plates as a 
result of streaked inoculum from hydrocarbon enrich- 
ment cultures. The colonies which develop and appear 
to be isolated may be contaminated with hydrocarbon- 
oxidizing bacterial cells which do not develop upon 
nutrient agar, and hence are not noticed. Therefore, 
when one tests the developed colony for its hydro- 
carbon-utilizing ability and reports positive results, it 
is often the unseen contaminant, and not the observed 
colony on nutrient agar, that is responsible. This may 
lead further to the false conclusion that the hydro- 
‘arbon utilizer grows upon nutrient agar. Cultural 
technique in going from hydrocarbon-enrichment cul- 
tures to pure cultures of hydrocarbon-oxidizing bacteria 
is not always a simple, straightforward process, par- 
ticularly when complex nutrient media are introduced 
before complete isolation of the hydrocarbon-utilizing 
bacterium is effected. 
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SUMMARY 


A mycobacterium of the proposed name Mycobac- 
terium paraffinicum n. sp. was isolated from the soil 
using ethane-enrichment culture. This bacterium 
utilizes ethane and other gaseous and liquid paraffinic 
hydrocarbons for growth, but not methane. Complex 
organic media are not utilized by the bacterium; of 
those tested the only nonhydrocarbon substrates uti- 
lized for growth were ethanol and acetate. Evidence is 
presented relative to the constitutiveness of the hydro- 
‘arbon-oxidizing enzyme system of the bacterium. 
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Species of the genus Acetobacter are well known for 
their characteristic incomplete oxidations of poly- 
hydric alcohols, sugars, and polyhydroxy acids (Butlin, 
1936; Underkofler and Hickey, 1954). Of particular 
interest has been the preparation of ketose sugars 
through the oxidative action of Acetobacter suboxydans 
on certain polyhydric alcohols (Fulmer and Under- 
kofler, 1947). Of these, the conversion of p-sorbitol to 
L-sorbose has been most extensively studied with Wells 
et al. (1937, 1939) ultimately reporting the successful 
pilot plant production of L-sorbose under submerged 
fermentation conditions. The conversion of D-mannitol 
to p-fructose by the oxidative action of A. suboxydans, 
which was first reported by Bertrand (1904), has also 
been studied but to a considerably lesser extent. Labora- 
tory-scale studies on this conversion under surface- 
culture fermentation conditions were first reported by 
Fulmer et al. (1939) and more recently by Isbell and 
Karabinos (1952). With a surface: volume 


ratio of 
1:195, Fulmer et al. (1939) found that mannitol concen- 
trations up to and including 25 per cent weight per 
volume (w/v) were consistently converted to fructose 
to the extent of 90 per cent or better of theoretical in 7 
days or less. The findings of Fulmer et al. (1939) were 
confirmed by the work of Isbell and Karabinos (1952), 
but only with regard to low mannitol concentrations 
(less than 5 per cent). As far as is known, these surface- 
culture laboratory-scale investigations are the only 
published reports available on the conversion of man- 
nitol to fructose by A. suboxydans. Submerged fermen- 
tation studies and pilot plant studies have apparently 
not been reported prior to this time. The purpose of the 
work reported here was to study the submerged pro- 
duction of p-fructose from p-mannitol by A. suboxydans 
in shaken flasks and three sizes of pilot plant equip- 
ment, with the ultimate goal of developing a satis- 
factory fructose fermentation not only from the micro- 
biological viewpoint but also from the viewpoint of 
satisfactory recovery and purification of the fructose 
produced. Only recovery details pertinent to the de- 
velopment of the fermentation are covered in this re- 
port. The complete details of the fructose recovery 
studies involved in this project have already been given 
(Cushing and Davis, 1955). 


MATERIALS AND METHODS 


Culture. The NRRL B-72 strain of A. swboxydans was 
used for all of the studies described here. The permanent 
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stock culture of this strain is maintained in lyophilized 
form. Working stock cultures were inoculated directly 
from the permanent lyophilized stock culture when 
necessary, and consisted of test-tube agar-slant cultures 
on the following medium: glycerol, 5.0 per cent; Difco 
yeast extract, 0.5 per cent; agar, 1.5 per cent; and tap 
water. These working stock cultures were maintained 
indefinitely by bi-weekly serial transfer to fresh slants 
of the same medium. Recourse to the permanent 
lyophilized stock culture on a routine schedule was 
consequently unnecessary. Freshly inoculated working 
stock cultures were incubated at 28 C for 36 to 48 hr 
and either were used immediately or were stored in a 
cold room (4C) to be used at any time during the 
ensuing 2-week period. 

Mannitol. The b-mannitol used throughout this in- 
vestigation was obtained from the Atlas Powder Com- 
pany, Wilmington, Delaware. Analyses demonstrated it 
to have a purity of 99.5 per cent. 

Effective aeration rates. Effective aeration rates were 
determined by oxidation of sulfite in the presence of 
copper catalyst according to the method of Cooper et al. 
(1944). 

Fermentation samples. The course of the fermentation 
of mannitol to fructose by A. suboxrydans was followed 
by removing beer samples at intervals for fructose 
analyses. Before analysis, the beer samples were clarified 
by filtration through diatomaceous earth. These clarified 
beer samples were also used for total soluble solids 
analyses. 

Fructose analyses. For fructose analyses, reducing- 
sugar values were determined by the method of Shaffer 
and Somogyi (1933), and the corresponding fructose 
levels were read from a standard curve prepared from 
analyses of pure p-fructose by this method. 

Total soluble solids analyses. Total solids analyses on 
clarified beer samples were carried out using the Karl 
Fischer method (U.S. Pharmacopeia, 1955) to deter- 
mine total moisture, and then total soluble solids were 
calculated by difference. This method for total soluble 
solids will be hereafter designated as the Karl Fischer 
method. All of the total soluble solids data used in this 
presentation were obtained using this method. An alter- 
native direct method for determining total solids in 
clarified fructose beer samples, subsequently found to 
be more satisfactory than the Karl Fischer method, is 
the quartz-sand vacuum-drying procedure for fructose 


syrups of the Association of Official Agricultural 
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Chemists (Association of Official Agricultural Chemists, 
1945). 

Fructose yields. Fructose yields from mannitol were 
determined using two methods. The standard method, 
which was satisfactory for all shaken-flask fermenta- 
tions and all fermentations in the 30-L fermentors to 
which no solid mannitol was fed after inoculation, con- 
sists of calculating and expressing as per cent the ratio 
of the fructose produced and that theoretically possible 
based on the initial mannitol level corrected for inocu- 
lum dilution and inoculum mannitol. This standard 
method was found to be unsatisfactory, however, when 
the fermentation was carried out in the 50-gal and 500- 
gal fermentors due to the inaccuracies in measuring and 
difficulties in controlling volumes in these equipments. 
The volume measurements and control problems in 
these equipments are due not only to the errors in vol- 
ume control during the initial charging and inoculation 
but also to the lack of satisfactory corrections for 
volume changes during sterilization by the steam in- 
jection method and during the fermentations them- 
selves. As a result, the fructose analyses on these larger- 
scale fermentations had no quantitative significance 
since it was not known accurately what the mannitol 
concentrations were initially or at any time during fer- 
mentation. For obvious reasons of a similar nature, this 
standard method was also found to be unsatisfactory 
for any fermentations to which mannitol was fed after 
inoculation. The problem was critical, particularly with 
regard to the larger-scale fermentations, since recovery 
and purification studies had disclosed no practical large- 
scale method for the purification of fructose in the pres- 
ence of mannitol where the ratio of fructose to manni- 
tol is less than 19. It was then felt that the best approach 
to these problems was to find an assay for mannitol in 
the presence of fructose. No such assay could be found 
in the scientific literature, however, and laboratory 
investigations along this line were also unsuccessful. 
Therefore, a second fructose yield method, known as 
the total solids method, was developed for the two fer- 
mentation types described above. This method is based 
on the extent to which fructose makes up the total sol- 
uble solids of a beer sample, and consists of calculating 
and expressing as per cent the ratio of the fructose and 
total soluble solids present. In support of the soundness 
of this total-solids method for calculating yields, were 
recovery studies on completely fermented beers produced 
from the 18 to 35 per cent mannitol media described 
below. These studies demonstrate that the total soluble 
solids in such beers normally consist of fructose to the 
extent of at least 98 per cent. Comparison of this total- 
solids method with the standard method on shaken 
flask and 30-L fermentor fermentations showed that 
the two methods give: practically identical results on the 
fermentation media containing 15 or more per cent 
mannitol described below. 


e 


RESULTS 

Fermentations in shaken flasks. Preliminary studies on 
the oxidation of mannitol to fructose under submerged 
fermentation conditions were carried out in shaken 
flasks. Unless indicated otherwise hereafter, shaken- 
flask fermentations were carried out using the following 
standard procedure. Cotton-plugged 500-m1 Erlenmeyer 
flasks containing 100 ml of mannitol-0.25 per cent Difco 
yeast extract production medium adjusted to pH 5.8 
with dilute HeSO, were autoclaved 20 min at 15 pounds 
of steam pressure. After cooling, each flask was inocu- 
lated with 5 per cent (by volume) of second-transfer, 
24-hour shaken-flask inoculum culture grown in the 
following medium: mannitol, 7:0 per cent; Difco yeast 
extract, 0.5 per cent; KH.PO;, 0.1 per cent; dilute 
H.SO; to pH 5.8; and tap water. Second-transfer 
shaken-flask inoculum cultures were previously inocu- 
lated with 1 per cent of first-transfer, 24-hr shaken- 
flask inoculum culture grown in the same medium. First- 
transfer shaken-flask inoculum cultures were inoculated 
with a suspension of the vegetative growth on working 
stock culture agar slants prepared as described in the 
section on Materials and Methods. Ten ml of growth 
suspension were prepared from each working stock 
culture slant and two first-transfer inoculum shaken 
flasks were inoculated from each suspension. All shaken 
flasks (inoculum and production) were incubated at 
28 C on a rotary shaker operating at 240 rpm with an 
eccentric radius of 2.25 in. Fructose yields for all 
shaken-flask fermentations were calculated using the 
standard procedure described in the section on Materials 
and Methods. 

The principal consideration in the shaken flask ex- 
periments was the establishment of a set of standard 
submerged fermentation conditions under which man- 
nitol would be consistently converted to fructose by 
A. suboxydans to the extent of 95 per cent or better of 
theoretical. These standard conditions have been de- 
scribed and the results in table 1 show them to be satis- 
factory for mannitol medium concentrations up to 
approximately 24 per cent (w/v). Due to the solubility 
limit of approximately 25 per cent for D-mannitol at 
28 C, 24 per cent was the highest initial mannitol con- 
centration tried in shaken-flask fermentations. 

Since the cost of Difco yeast extract would make its 
use in large-scale fermentation equipment prohibitive, 
preliminary tests on various other supplementary 
nutrient materials were carried out in shaken-flask 
fermentations. The data are presented in table 2. The 
corrected initial mannitol concentration in the shaken- 
flask production medium was 14.34 g per 100 ml for all 
runs. As may be seen, fructose yields greater than 95 
per cent were obtained with corn steep liquor and 
brewers yeast 2019 (primary-grown dried whole 
yeast). Both of these supplementary nutrient materials 
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TABLE 1. Fructose production by Acetobacter suboxydans 


NRRL B-72 


Initial Mannitol 
Level* 


in shaken flasks at various initial 


mannitol levels 


Fructose Produced 


Fructose Yieldt 


Fermentation 


Period 
g/100 ml g/ 100 ml % wen, hr a. 

5.07 4.95 98 .0 18-24 
9.73 9.35 96.5 43 
9.30 96.1 44 

9.60 99.2 40-48 
14.34 14.42 101.0 64 
14.24 99.6 65 

13.90 97.3 66-72 
23.84 23.64 99.6 98 

22.82 96.2 90-114 


* Initial mannitol levels corrected for inoculum dilution 
and mannitol supplied in the inoculum. 
7 Fructose yields calculated by the standard method: 
ee & 
fructose produced X 100 


theoretical fructose possible based on initial mannitol level. 


TABLE 2. Effect of various supplementary nutrient materials 
on fructose production by Acetobacter suboxydans 


NRRL B-72 in shaken flasks 


A : of Fructose Fermen- 

Production Medium Used* Vieldt tation 

Period 
% hr 

Mannitol—0.25% Difco yeast extract 

(standard)......... i ks 98.3 64 
Mannitol—1.0% peptone...... 93.9 88 
Mannitol—1.0% brewers yeast 2019 96.2 64 
Mannitol—0.5% brewers yeast 2019 98 .1 64 
Mannitol—0.25% brewers yeast 2019 95.0 64 
Mannitol—1.0% corn steep lot *1 99.0 64 
Mannitol—0.5% corn steep lot #1... 99.0 64 
Mannitol—0.5% corn steep lot *2........ 98.1 64 





* The corrected initial mannitol level was 14.34 g per 100 
ml in all the production media tried. 
+ Fructose yields calculated by the standard method: 
FY. 
fructose produced X 100 


~ theoretical fructose possible based on initial mannitol level. 


appeared to be satisfactory replacements for the Difco 
yeast extract in the shaken-flask production medium. 
Fermentations in 30-L fermentors. For fermentation 
development studies in small equipment closely re- 
sembling that used in large-scale submerged fermenta- 
tion operations, 30-L stirred-jar fermentors of the type 
described by Friedland et al. (1955) were used. Unless 
indicated otherwise hereafter, fermentations in these 
30-L fermentors were carried out using the following 
standard procedure. Ten liters of production medium 
adjusted to pH 5.8 with dilute H.SO, were placed in a 
fermentor which was then autoclaved 30 min at 15 
pounds of steam pressure. After cooling, each fermentor 


[VoL, 4 


was inoculated with 5 per cent of 24-hr inoculum culture 
grown in an aerated bottle at 28 C on the following 
medium: mannitol, 7.0 per cent; Difco yeast extract, 
0.5 per cent; KH2POs,, 0.1 per cent; dilute HSO;, to pH 
5.8; and tap water. Aerated-bottle inoculum cultures 
were previously inoculated with 2 per cent of second. 
transier, 24-hour shaken-flask inoculum culture. pre. 
pared as described in the preceding section on shaken. 
flask fermeitations. The inoculated fermentors were 
incubated at 28C under the following conditions: 
agitation, 480 rpm; aeration, 10 L per min, or 1 
volume of air per volume of medium per min. These 
agitation-aeration conditions represent an effective 
aeration rate of 2.85 millimoles of oxygen per L per 
min. 

The use of the standard mannitol-0.25 per cent Difco 
yeast extract shaken-flask production medium under 
the standard 30-L fermentor conditions described above 
gave as good results as were obtained in shaken flasks. 
As in shaken-flask runs, fructose yields greater than 95 
per cent of theoretical were consistently obtained with 
initial mannitol concentrations up to 24 per cent. Typi- 
cal fermentation data at two mannitol levels for both 
30-L fermentor and shaken-flask standard runs are 
given in figure 1. The fructose yields given were calcu- 
lated using the standard procedure described in the 
section on Materials and Methods. As may be seen, the 
principal difference between shaken flasks and 30-L 
fermentors was the greatly increased mannitol oxida- 
tion rate obtained in the 30-L fermentors, which cor- 
relates with the higher aeration efficiency obtained in 
these fermentors as compared to that normally obtained 
in shaken flasks. The time required in 30-L fermentors 
for oxidation of either of the two mannitol levels to the 
extent of 95 per cent or better of theoretical was ap- 
proximately one-third that required for the same man- 
nitol level in shaken flasks. The low pH levels at which 
the major portion of mannitol oxidation occurred in 
both types of equipment were apparently due to the 
production of acetic acid, as indicated by the character- 
istic odor produced. 

As pointed out previously, the use of initial mannitol 
levels much above 24 per cent in the shaken flask and 
30-L fermentor production medium was impossible due 
to the solubility limit of approximately 25 per cent for 
D-mannitol at 28 C. Studies in the 30-L fermentors 
showed, however, that beers containing up to 35 per 
cent of fructose with 95 per cent or better fructose 
yields could be obtained by adding additional solid 
mannitol batchwise to a standard 20 per cent initial 
mannitol fermentation after approximately 75 per cent 
of the initial mannitol charge has been converted to 
fructose. Fructose yields for 30-L fermentor runs of this 
type were calculated using the total solids procedure 
described in the section on Materials and Methods. 
Beers containing 30 and 35 per cent of fructose with 95 








1956| 


wr 
oO 





Fructose in g/100 ml. 
4 i= 


per 
soli 
mel 
A 
tiol 
Fo 
est: 
nit 
pre 
sul 
co" 
an 
fri 
pe 
m: 
mi 
pr 
er 
se 


vi 













ture 
ving 
act, 

pH 
ures 
md- 
pre- 
‘en- 
vere 
Ns: 

10 
lese 
tive 
per 


ifco 
der 
ove 
ks, 

95 
‘ith 
"pi- 
oth 
are 
Cu 
the 
the 


)-L, 


or- 
in 
ed 


he 
\p- 
n- 
ch 
in 


he 








1956) 


CONVERSION OF MANNITOL TO FRUCTOSE 











= / i 
. 18 / 7 
7 
d po yA ed 
8 Ps 
— ’ + 6 
% « =— Fructose Me if Ps 
“ \. / / | PH 
¢ \ / / 
) / 7 
$10-\ kh / “5 
E \ / 
fu i 4 a 
aw PH? ~/ 
” ia a 
Fa Ds eee _ 
= Pd “XW pH a 
7 
F 
2 7 — a 
7 
" | rr l r l 1 l | i I l l L 
20 L0 60 60 80 100 
Hours Hours 


U,.34% Mannitol 
Fructose Fermentation 








Yield Period 

F4 hrse 
—<-=-Sh, Flask 98.3 64, 
30=-L Ferm. 98,0 18 











Yield Period 
FA hrse 
---Sh, Flask 99.6 98 
——30-L Ferme 995 34 


23-84% Mannitol 
Fructose Fermentation 














Fic. 1. pH and fructose content of media during fermentations in shaken flasks and the 30-L fermentors. 


per cent or better fructose yields were produced by this 
solid mannitol addition procedure in the 30-L fer- 
mentors in 40 and 48 hr, respectively. 

At this stage in development of the fructose fermenta- 
tion, recovery and purification studies were initiated. 
Four major recovery criteria for fructose beers were 
established. These were as follows: conversion of man- 
nitol to fructose, 95 per cent or better of theoretical as 
previously indicated; minimal or removable colored 
substances, or substances producing color under re- 
covery conditions; minimal or removable pyrogenic and 
antigenic substances; and satisfactory media cost. The 
fructose beers produced in the normal fermentation 
periods indicated in the 30-L fermentors using the 
mannitol-0.25 per cent Difco yeast extract production 
medium under the standard fermentation conditions 
previously described were found to meet all these 
criteria except the last. As previously pointed out in the 
section on shaken-flask fermentations, the cost of Difco 
veast extract would make its use in large-scale fermenta- 





tion equipment prohibitive. Corn steep liquor and 
brewers yeast 2019 (primary-grown dried whole 
yeast) appeared to be satisfactory low-cost replacements 
for Difco yeast extract, since fructose yields greater 
than 95 per cent were obtained with either of them in 
shaken-flask fermentations (table 2). More extensive 
testing of these two materials in the 30-L fermentors, 
accompanied by recovery and purification studies on 
the fructose beer produced, demonstrated that brewers 
yeast * 2019 was the better. Not only were inconsistent 
fructose yields obtained with different corn steep 
liquor lots, but color problems in fructose recovery were 
encountered. Fructose beers produced in the 30-L 
fermentors using a mannitol-0.5 per cent brewers yeast 
* 2019 production medium and a 7 per cent mannitol- 
0.5 per cent brewers yeast ¥ 2019-0.1 per cent KH»PO, 
inoculum medium under the standard fermentation 
conditions previously described were found to meet all 
four recovery criteria given above for fructose beers. 

Pilot plant fermentations. Pilot plant fructose fermen- 





320 


PETERSON, FRIEDLAND, DENISON, AND SYLVESTER 


VOL, 4 


TABLE 3. Fructose fermentations in 50-gal fermentors 


lid Total Soluble 


Run No. Production Medium Used Mannitol Harvest Solids at 

“ed* st Harvest 

% hr g/100 ml 

1 Mannitol—20% None 28.5 19.9 
B.Y. *2019—0.5% 

2 Mannitol—18% None 26 16.6 
B.Y. * 2019—0.5% 

3 Mannitol—24% None 34 22.1 
B.Y. * 2019—0.5% 

j Mannitol—20% 10 1S 26.9 


B.Y. *2019—0.5% 


* Solid mannitol fed in run *4 at 23 hr after inoculation. 


Fructose at 


Fruc tose 


f ifos lant? . i. 
pean: Vieldt Antifoam Usedt Remark 
¢/100 ml % 
19.3 97.0 None excessive foaming 
17.3 104.1 DC antifoamemulsion | Foaming controlled 
22.0 99.5 | CLRS Excessive foaming 
26.2 97.4 DC antifoam emulsion Foaming controlled 


+ Fructose yields calculated by the total solids methods: F.Y. 


fructose produced X 100 


total soluble solids 


t DC antifoam emulsion is a silicone-emulsion type antifoam made by Dow Corning Corp., Midland, Michigan. CLRS is a lipid- 


type antifoam made by Biocompounds Company, Chicago, Illinois. 


tations were studied in 50-gal and 500-gal stirred-tank 
fermentors. The satisfactory standard conditions de- 
scribed previously for fermentations in the 30-L fer- 
mentors were duplicated as closely as possible. Since all 
of the fructose produced in these pilot plant fermenta- 
tions was recovered and purified, if possible, for pro- 
duction purposes, and since recovery color problems 
were minimized by the initiation of recovery processing 
as soon after completion of fermentation as possible, a 
method more rapid than those previously described for 
ascertaining the exact time of completion of fermenta- 
tion was necessary in these pilot plant fermentations 
operations. The method used was simple, and consisted 
merely of following the course of fructose production by 
measuring optical rotation on clarified beer samples. 
Fermentations were harvested when consecutive hourly 
polarimeter readings indicated approximately the 
theoretical beer fructose concentration expected and 
differed by less than 0.4 degrees. Actual fructose yields 
were, of course, calculated later, using the less-rapid 
total solids procedure described in the section on 
Materials and Methods. The criterion of good 50-gal 
fermentor inoculum cultures to be used in either 50-gal 
or 500-gal fermentor production runs evolved through 
experience. As indicated below, the medium used for all 
50-gal fermentor inoculum cultures contained 18 per 
cent mannitol. Satisfactory normal production runs 
were consistently obtained when the 50-gal fermentor 
inoculum cultures grown on this 18 per cent mannitol 
medium showed fructose levels of 10 to 15 per cent at 
the age of use (approximately 21 hr). Serious foaming 
problems were encountered in both the 50-gal and 500- 
gal fermentor runs. Conventional antifoams of the lipid- 
type were completely ineffective. Satisfactory foam 


control was obtained, however, with a silicone-emulsion 
type antifoam (Dow Corning Antifoam AF Emulsion).! 

For fructose fermentations in the 50-gal fermentors, 
the following fermentation conditions were used. Thirty 
gal of production medium adjusted to pH 5.8 with 
dilute H.SO, were sterilized in each 50-gal fermentor at 
122 C for 30 min. After cooling, each fermentor was 
inoculated with 3 gal of 21-hr inoculum culture grown 
in another 50-gal fermentor on the following medium: 
mannitol, 18.0 per cent; brewers yeast * 2019, 0.5 per 
cent; KH»PO,, 0.1 per cent; dilute H.SO, to pH 5.38; 
and tap water. Fifty-gal fermentor inoculum cultures 
were previously inoculated with 10 L of 24-hr aerated 
bottle inoculum culture prepared as described in the 
preceding section on fermentations in 30-L fermentors. 
All 50-gal fermentors (inoculum and production) were 
incubated at 28 C under the following conditions: anti- 
foam (if used) 0.06 per cent nonsterile Antifoam AF 
Emulsion added manually in 0.02 per cent batches at 
0 hr (post-sterilization, pre-inoculation), 4 hr, and 7 hr, 
or sterile CLRS? added automatically as needed; agita- 
tion, 250 rpm; aeration, 3.0 efm or 0.68 volume of air 
per volume of medium per min. These agitation- 
aeration conditions represent an effective aeration rate 
in these equipments of 2.75 millimoles of oxygen per L 
per min. 

Data for typical runs in the 50-gal fermentors are 
presented in table 3. These data confirm the results 
obtained with the mannitol-0.5 per cent brewers yeast 
* 2019 production medium in the 30-L fermentors. 
Satisfactory fructose beers were obtained at. initial 
mannitol levels of 18, 20, and 24 per cent. In addition, a 
satisfactory 26 per cent fructose beer was obtained from 
run 4 by using the same solid mannitol feeding tech- 

' Dow Corning Corporation, Midland, Michigan. 

2 Biocompounds Company, Chicago, [linois. 
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TaBLe 4, Fructose fermentations in 500-gal fermentors 


1956] 
Total Soluble ; 
. ° ee in era ec ale Fructose at 
Run No Production Medium Used Harvest Age oe ac cat 
hr g/100 ml g/100 ml 
1 Mannitol—21% 4] 21.5 21.4 
B.Y. * 2019—0.5% 
2 Mannitol —21% 4] 21.1 17.2 
B.Y. #2019—-0.5% 
3 Mannitol—18% 26 18.5 18.4 
B.Y. #2019—0.5% 
4 Mannitol—18% 26 19.1 18.8 
B.Y. #*2019—0.5% 
5 Mannitol—1&8% 25 18.9 18.2 
B.Y. *2019—0.5% 
‘ 
6 Mannitol—1Is8% 25 18.8 18.2 
B.Y. *2019—0.5% ’ 


* Fructose vields calculated by the total solids method: F.Y. = 


Fructose Antifoam Usedt Remarks 


Yield* 
% 

99.4 CLRS Excessive foaming 
81.5 CLRS Excessive foaming 
99.4 CLRS Excessive foaming 
98 .4 DC antifoam emulsion Foaming controlled 
96.2 DC antifoam emulsion Foaming controlled 
96.8 DC antifoam emulsion Foaming controlled 


fructose produced X 100 


total soluble solids 


+ CLRS is a lipid-type antifoam made by Biocompounds Company, Chicago, Illinois; DC antifoam emulsion is a silicone-emul- 
sion type antifoam made by Dow Corning Corp., Midland, Michigan. 


nique successfully employed in producing high fructose- 
level beers in the 30-L fermentors. The only other 
serious problem encountered was the excessive foaming 
which the silicone-emulsion type antifoam controlled 
very effectively. 

For fructose fermentations in the 500-gal fermentors, 
the following fermentation conditions were used. Three 
hundred gal of production medium adjusted to pH 5.8 
with dilute H.SO, 500-gal 
fermentor at 122C for 30 min. After cooling, each 
fermentor was inoculated with 30 gal of 21-hr, 50-gal 
fermentor inoculum culture prepared as described under 
fermentations in the 50-gal fermentors. The 500-gal 
fermentors were incubated at 28 C under the following 
conditions: antifoam, 0.06 per cent 


were sterilized in each 


nonsterile Anti- 
foam AF Emulsion added manually in 0.02 per cent 
batches at 0 hr (post-sterilization, pre-inoculation), 4 hr 
and 7 hr, or sterile CLRS added automatically as 
needed; agitation, 300 rpm; aeration, 48 cfm or 1.09 
volumes of air per volume of medium per min. These 
agitation-aeration conditions represent an effective 
aeration rate in these equipments of 3.0 millimoles of 
oxygen per L per min. 

Data for typical runs in the 500-gal fermentors are 
presented in table 4. Satisfactory results were not ob- 
tained immediately with the mannitol-0.5 per cent 
brewers yeast * 2019 production medium at an initial 
mannitol level of 21 per cent. In run 1 the mannitol 
oxidation rate was quite low compared to those ob- 
tained under comparable conditions in the 30-L and 50- 
gal fermentors. The normal fermentation period for a 21 
per cent initial mannitol level in this equipment is 26 


to 30 hr. Generally speaking, fructose fermentations 
with low mannitol oxidation rates, even though showing 
satisfactory oxidation at harvest, were found to give 
excessive fructose recovery color problems. In addition 
to having a low mannitol oxidation rate, run 2 stopped 
completely at 36 hr with a fructose yield of only 81.5 
per cent. The beers from both these runs were conse- 
quently unsatisfactory for fructose recovery and purifi- 
cation. At this point, recognizing that these 500-gal 
fermentors do not have as good performance character- 
istics as the 50-gal fermentors, it was felt that an initial 
production medium mannitol level lower than 21 per 
cent might be handled more efficiently in the 500-gal 
fermentors. To test this possibility, the initial mannitol 
level for the production medium for run 3 was lowered 
to 18 per cent. As may be seen, the results obtained were 
good; the fructose yield was 99.4 per cent and the run 
was completed in 26 hr, a period of time practically 
identical to that required under standard conditions in 
the 30-L and 50-gal fermentors for the same initial man- 
nitol level. In addition, the resulting fructose beer gave 
no recovery color problems. The excellent results ob- 
tained with the 18 per cent mannitol-0.5 per cent 
brewers yeast * 2019 production medium in run 3 were 
confirmed in subsequent runs (4, 5, and 6) and no 
further medial variations were tried. With regard to 
foaming, the silicone-emulsion type antifoam was found 
to be as effective for fructose fermentations in the 500- 
gal fermentors as in the 50-gal fermentor runs. 


ACKNOWLEDGMENTS 


The authors wish to express their appreciation to 
Irving C. West for assistance in carrying out the 50-gal 





322 PETERSON, FRIEDLAND, 


and 500-gal fermentor runs, to Reece Cantrell, Lois 
Durkin, Ursula Biermacher, Denise Wing, and Helen 
Helgren for carrying out the necessary analyses, and to 
Doctor William Brownell for advice in the use of various 
analytical procedures. 


SUMMARY 


The submerged production of p-fructose from D-man- 
nitol by Acetobacter suboxrydans NRRL B-72 has been 
studied in shaken flasks, 30-L stirred-jar fermentors, 50- 
gal stirred-tank fermentors, and 500-gal stirred-tank 
fermentors. 

Shaken-flask studies demonstrated that fructose 
yields in excess of 95 per cent can be obtained con- 
sistently at 28 C with initial mannitol concentrations up 
to 24 per cent. Either dried yeast extract plus KH PO, 
or primary-grown dried whole yeast plus KH.PO, were 
found to be satisfactory supplementary nutrient sources. 
Trials in 30-L and 50-gal fermentors at an effective 
aeration rate of 2.75 millimoles of oxygen per L per min 
resulted in satisfactory duplication of the shaken-flask 
results. Mannitol oxidation rates in the 30-L and 50- 
gal fermentors were practically identical, and approxi- 
mately 3 times greater than those obtained in shaken 
flasks. Initial mannitol levels of 15, 20, and 24 per cent 
in the 30-L and 50-gal fermentors gave fructose yields 
in excess of 95 per cent in approximately 18, 26, and 34 
hr, respectively. 

The use of initial mannitol levels above 24 per cent 
was not possible due to the solubility limit of approxi- 
mately 25 per cent for p-mannitol at 28 C. Beers con- 
taining up to 35 per cent fructose with yields in excess 
of 95 per cent were obtained in the 30-L and 50-gal 
fermentors, however, by adding additional solid man- 
nitol, batch-wise, to standard 20 per cent initial man- 
nitol fermentations. 

Fructose fermentations in the 500-gal fermentors on 
an 18 per cent mannitol (initial)-0.5 per cent dried 
whole yeast medium under the optimum fermentation 
conditions for 30-L and 50-gal fermentor runs consist- 
ently gave fructose yields in excess of 95 per cent in 26 
hours. The beers produced were found to be satisfactory 
for fructose recovery and purification. 
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Analytical microbiology may be defined as_ that 
branch of microbiology in which microorganisms are 
used as reagents for the quantitative determination of 
certain chemical compounds. The procedures used for 
analysis are based on the reaction of a particular micro- 
organism to its environment. If a suitable microorgan- 
ism will react with a measurable response to a certain 
chemical entity, an analytical method for the quantita- 
the 
Theoretically, any chemical might 


tive estimation of substance may be devised. 
be assayed. In 
practice, a wide range of substances, from simple 
mineral elements to complex organic compounds, are 
assayed. The methods available for the assay of these 
many different materials range from qualitative 
through semiquantitative to quantitative procedures. 
Many articles and reviews have been written on 
specific methodology for given chemical entities. This 
series of papers deals with the theoretical aspects of 
analytical microbiology which are common to all types 
of methods, regardless of the material being assayed. 
The first paper will deal with the test organism, as 
this is the essential part of any microbiological pro- 
cedure. The following papers of the series will consider 
the procedures. For the purposes of this series, all 
methods used for microbiological assay have been 
classified in one of the following categories: (1) diffusion 
methods; (2) turbidimetric methods; (3) 
response methods; (4) gravimetric methods. 


metabolic 


THe Test ORGANISM 
1. Requirements for an Ideal Test Organism 


In order to perform a microbiological assay, it is 
necessary to select a microorganism that can be used as 
a reagent. As with the reagents used in a chemical 
assay, there are specifications that this microbial re- 
agent must meet. The ideal test organism should have 
four basic characteristics: (a) it must be sensitive to the 
substance being assayed; (b) it must be easily culti- 
vated; (c) it must have some metabolic function or 
response that is measurable; (d) it must not be suscepti- 
ble to variation in either sensitivity or phase. 


In addition, the following two characteristics are 
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desirable: (a) it should have specificity, if possible; (b) it 
should be, preferably, nonpathogenic. Barton-Wright 
(1952) rules out pathogens for the microbiological 
assay of vitamins because pathogens are unstable 
mutants. This would not be sufficient ground to elimi- 
nate them for the assay of antimicrobial substances. 
However, it is of major importance in a laboratory 
where routine assays are performed by technicians that 
pathogens are not used. The use of a nonpathogenic 
organism eliminates precautionary measures that 
might be necessary to protect personnel. 


2. Types of Microbial Response 


The type of response measured is determined by the 
substance being assayed. It is dependent upon the bio- 
chemical effect of the substance on the metabolism of 
the organism. All types of microbial response may be 
placed in either of the following categories. 

(a) Growth response. Most microbiological procedures 
that are used for analysis depend upon the growth re- 
sponse of the microorganism to the environment. This 
growth response may be positive or negative; positive, 
if the organism responds to the substance being assayed 
with increased growth; negative, if the organism fails 
to grow in the presence of a particular material. The 
growth or lack of it may be measured by numerical 
counts, by optical density, by weight, or by area. The 
response may be graded in proportion to the concentra- 
tion of the test material or it may be a definite end 
point, an all-or-none response. 

(b) Metabolic response. In addition to the growth re- 
sponse of an organism to a particular substance, there 
may also be a metabolic reaction to this material. 
Certain organisms produce metabolic products which 
are measurable, and others may have a change in some 
function that can be measured. As in growth response, 
the microorganism’s reaction is either negative or posi- 
tive. Among the measurable metabolic responses are 
acid production, carbon dioxide production, oxygen up- 
take (Schopfer, 1935), reduction of nitrates (Hoagland 
and Ward, 1942), hemolysis of red blood cells (Dimick, 
1943), antiluminescent activity (Rake et al., 1943), in- 
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hibition of spore germination (Brian and Hemming, 
1945), and the sterilizing or curing of the growing 
hyphae of fungus mycelium (Brian and Curtis, 1946). 


3. Types of Microorganisms Used for Assay 

The spectrum of microbial reagents used for assay is 
broad. Procedures have been devised using such diverse 
organisms as .Micrococcus pyogenes var. aureus and 
Euglena gracilis. Artificially induced mutants of organ- 
isms, such as Veurospora and Escherichia coli, have been 
used for assay purposes. The organism which is to be 
used in any given assay must be chosen by the operator 
in light of his needs: the type and amount of material 
to be assayed, what response is desired, time available 
for assay, and accuracy of the results required. 

(a) Bacteria. Bacteria are used for the assay of amino 
acids, antibiotics, and vitamins, and in the evaluation 
of antiseptics, disinfectants, and chemotherapeutic 
agents. The use of bacterial reagents, in general, poses 
relatively fewer problems than the use of other organ- 
isms. There are cases where their use is excluded by the 
nature of the material being assayed, that is, evaluation 
of antifungal compounds. 

Although many organisms are available for the assay 
of a variety of substances, certain bacteria have been 
found to be better suited as reagents: In actual labora- 
tory practice the variety used is limited. 

Lactic acid-fermenting bacteria are used for the assay 
of vitamins and amino acids. Commercially available 
antibiotics may be assayed using only five or six organ- 
isms. Most official procedures for testing antiseptics and 
disinfectants specify Micrococcus pyogenes var. aureus 
or Salmonella typhosa as the test organism. 

The interests of a particular laboratory will deter- 
mine the number and variety of organisms used. For 
example, a limitation of the number of bacteria used for 
assay purposes is of practical value in a laboratory 
where routine analyses of a variety of substances are 
being done. Valuable time is saved in the preparation 
of media and in the transfer of stock cultures. In a 
laboratory where investigational work is of major im- 
portance, the number of organisms used will be greater. 
Screening compounds for antibacterial activity requires 
the use of many organisms. Special problems, such as 
the determination of substances in blood or natural 
products, might require an organism sensitive to small 
concentrations of the particular substance. Again, it 
must be emphasized that the needs and interests of the 
individual laboratory or investigator determine what 
organisms should be used. 

(b) Yeasts. Assay procedures, using yeasts as the re- 
agent, have been developed for thiamine (Williams ef 
al.; Wooley, 1941), nicotinic acid (Williams, 1946), 
pyridoxine (Schultz et al., 1939), pantothenic acid 
(Williams et al. 1938), biotin (Snell et al/., 1941), inositol 
(Williams et al. 1941), and cocarboxylase (Ochoa and 
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Peters, 1938). These organisms are generally considered 
to be unsatisfactory. Snell et al. (1941) preferred their 
use over lactic acid bacteria in the assay of vitamins 
from the standpoint of simplicity and minimum ex. 
penditure of time. However, Barton-Wright (1952) 
‘autions against the use of yeasts for assay purposes on 
the basis that the nitrogen requirements of these organ- 
isms need further definition. He criticizes the sources of 
nitrogen used in basal media, indicating that. test 
samples might contain stimulatory polypeptides which 
would invalidate an assay where these substances in- 
creased the growth of the organism. In any case, where 
an alternative method using another test organism is 
available, it should be used in preference to a method 
using a yeast. 

In order that these organisms grow properly, aeration 
is necessary. This is usually accomplished by shaking 
the tubes or flasks. In many laboratories this would 
interfere with the processing of large numbers of 
samples. 

(c) Fungi. Fungi are used in a number of methods 
developed for the assay of antibiotics, trace metals, and 
vitamins, and in the evaluation of fungicidal and fungi- 
static materials. 

Fungi, in general, have the disadvantage of being slow 
growers, thus increasing the time required for assay. 
The Neurospora mutants, in particular, have two 
major disadvantages (Mitchell, 1950). (1) Growth is 
satisfactory on synthetic media, but materials such as 
yeast or liver extracts can double this growth. It is 
probably due to nonspecific sparing actions by sub- 
stances in the extracts. An accurate assay using syn- 
thetic media cannot be expected unless the substance 
being assayed is present in sufficient amount that the 
supplementary effects can be diluted out. (2) Dis- 
turbances in metabolism occur asa result of single gene 
mutation, which at times would not be desirable in 
assay work. 

Fungi do not have as wide an application as assay 
organisms as the bacteria do. They are used in a number 
of procedures where no other organism is available or 
where fungicidal or fungistatic evaluation is desired. 
It is claimed that mutation techniques make it theo- 
retically possible to produce an assay organism for any 
constituent known to be a normal component of proto- 
plasm (Foster, 1949). 

(d) Protozoa. Protozoa (Hamilton et al., 1952) have 
been found to have a variety of nutritional require- 
ments. In addition to vitamins and amino acids, certain 
of these microorganisms require nucleic acid derivatives 
and fatty factors. Vitamin By may be assayed using 
Euglena gracilis (Hutner et al., 1949). Another procedure 
uses a member of the hemoflagellate group of parasitic 
protozoa as an assay organism. The use of this group 
of microorganisms for assay purposes is comparatively 
new. The work, which has been reported by Hamilton 
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et al. (1952), seems promising. An organism which re- 
sponds to cholesterol has been found. There is an 
indication that 
biologically using protozoa as test organisms. The use 


hormones might be assayed micro- 
of these organisms might considerably broaden the 
field of analytical microbiology. 

4. Factors Involved 


controlled 
growth of the microorganism is essential. The particular 


In microbiological assay procedures, 
approach to controlled growth depends upon whether a 
positive or negative growth response is desired. A 
positive response is not necessarily the normal optimal 
growth response for the organism, but optimal only 
within a range that is conditioned by the concentration 
of essential nutrient supplied. On the other hand, a 
negative growth response is controlled within a range 
that is conditioned by the quantity of inhibitory sub- 
stance present, with all nutritional requirements for 
optimum growth supplied to the organism. In either 
case, the factors which influence the growth of an organ- 
ism must be considered. 

Gunsalus (1951) lists the factors which control 
normal microbial growth as follows: (a) Factors de- 
pendent upon the nature of the organism, that is, con- 
ditions essential for the initiation and continuation of 
growth. (b) Factors dependent upon the environment, 
that is, composition and concentration of medium. 
(c) Influence of temperature, that is, minimum, maxi- 
mum, and optimum. 

For analytical procedures the factors are similar. It is 
necessary to know how an organism grows under op- 
timum conditions before it can be used as a test 
organism. 

In any given assay, further emphasis is placed on: 
(a) age and/or condition of culture; (b) size of the inocu- 
lum; (ec) exact temperature relationship, optimum only 
to the extent of the effect on the particular assay; 
(d) culture media; (e) oxygen relationships. 

(a) Age and/or condition of culture. The culture must 
be maintained in such a manner that it will give a 
similar response each time it is used in an assay pro- 
cedure. This involves both the age and the condition 
of the culture. In assays that involve short incubation 
periods, the culture should be used in the assay when 
it is in the log phase of its growth cycle to minimize the 
effect of lag phase. On the other hand, if an overnight 
incubation period is employed, the age may vary from 
18 to 24 hr, for the lag phase is then of less importance. 
The use of cultures older than 24 hr is to be avoided. 
Older cultures may not respond adequately for at least 
four reasons: (1) preponderance of dead organisms, 
resulting in insufficient growth response; (2) variation 
of essential growth factor requirements or changes in 
susceptibility to antimicrobial substances; (3) inability 
to standardize inoculum because of the variation in the 


number of live cells; (4) possibility of autolysis with the 
resulting release of substances which might interfere 
with the assay. 

Frequently, organisms on repeated transfer in the 
same culture media mutate to the extent that they no 
longer require certain growth factors (Pennington, 
1946; Snell, 1948). This is especially true in organisms 
used in the assay of growth factors. Fastidious organ- 
isms become less fastidious until their need for a given 
growth factor declines to such an extent that reliable 
assays are not obtained. Barton-Wright (1952) recom- 
mends the technique of Nymon and Gortner (1946) as a 
routine procedure for all lactic bacteria used in assay 
work. He maintains that only when the bacterial cells 
are in a state of optimum vigor will they respond suc- 
cessfully as test organisms. 

A second important requirement of the stock culture 
is its purity. A variety of results may be obtained with 
a contaminated culture. In a growth factor assay, full 
growth may be obtained at all concentrations. In an 
antimicrobial activity assay the contaminant may not be 
susceptible to the material being assayed. Both cases 
would result in invalid assays and wasted time. A 
microscopic examination, together with a streak culture 
of the test organism, should be a routine procedure in 
analytical laboratories. 

Several methods have been reported which may be 
used to insure a constant physiologic age of the inocu- 
lum. Nymon et al. (1945) used lyophilized cultures in 
certain vitamin assays. Foster and Woodruff (1943) 
pasturized spore suspensions which may be stored in a 
refrigerator for long periods of time. A further extension 
of the refrigeration of cultures is their storage in dry ice 
(Heilman, 1944). Berridge and Barrett (1952) main- 
tained their inocula in the logarithmic phase by con- 
stant dilution before the optical density of the culture 
reached its maximum. The simple method of using an 
actively growing young culture of some predetermined 
optical density is the easiest and probably the most 
practical method of controlling the age of the culture. 
Harrison et al. (1951) carried this procedure further and 
prepared an inoculum reference graph. This graph 
related the density of the inocula to the volume re- 
quired to yield zones of the best character and a dosage 
response slope giving the greatest difference for stand- 
ard dose increments. They assumed that the variation 
in the ratio of viable cells to total bacterial count from 
day to day was insignificant. 

(b) Size of inoculum. Lack of control over the size of 
the inoculum used for an assay may contribute to the 

variation found in day-to-day assay of the same ma- 
terial. This is particularly applicable to assays of short. 
duration, that is, 3 hr or less up to 18 to 24 hr, or in 
assays where the rate of growth rather than total growth 
is measured. In longer assays, differences in the size of 
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the inoculum used from one assay to another become 
less significant. 

In turbidimetric and titrimetric assay of vitamins, 
the inoculum is commonly prepared by incubation of 
the culture for a specified period with subsequent dilu- 
tion. It is then added dropwise to each assay tube. Snell 
(1948) states that the final amount of growth is de- 
pendent almost solely on the concentration of the limit- 
ing vitamin and not on fluctuation in drop size. In 
recent years, the trend has been to standardize the 
dilution using a photoelectric colorimeter. An arbi- 
trary turbidity reading is selected and the inoculum 
diluted to this value for each assay. The actual turbidity 
will vary with the type of instrument used since the 
instruments vary in sensitivity. After this standardiza- 
tion, the inoculum is added dropwise to the assay tubes. 
Certain authors have carried the standardization to a 
greater degree. Bulk inoculation of the assay medium 
with yeasts, use of a specific volume (Flynn et al., 1951) 
and use of a syringe rather than a pipette to control 
drop size have been used (Black and Arnold, 1940; 
Thompson et al., 1950). The latest official procedures 
call for the preparation of calibration curves for the 
instrument used in the assay which relate transmit- 
tance for the photoelectric colorimeter, under condi- 
tions of the assay, to cell density (Official Methods of 
Analysis, 1955; The Pharmacopeia of the U.S.A.). Im- 
provements have been stimulated by day-to-day ob- 
servations of variation in inoculated blank tubes and 
differences in turbidity values for tubes of the same 
concentration of the same assay. Control of the inocu- 
lum size in these procedures can only lead to better 
turbidity readings and greater reproducibility of results. 

Turbidimetric antibiotic assays may vary with the 
inoculum size. Florey et al. (1949) mention that the 
apparent antibacterial potency of some antibiotics 
may be many times greater with small inocula than with 
large, while the potency of others may not be affected 
by this factor. Table 1 shows how the amount of inocu- 
lum effects the results obtained in the dilution assay of 
polymyxin. 


TABLE 1. Effect of amount of inoculum on polymyxin 
assay values* 


Inhibitory Conc. 


Inoculum | Polymyxin (ug/M1) 


in Drops Broth 
Media per 
100 Ml | 
vs. Brucella 
Broth vs. E. coli) bronchi- 
septica 

Difco broth... ee 2 0.7 0.013 
Difco broth 10 6.0 0.37 
Difeo broth. . 50 17.0 i 
Trypticase soy broth....... 2 2.0 0.1 
Trypticase soy broth 40 17.0 3.3 





* Reese and Eisenberg, 1949. 
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TaBLe 2. Effect of inoculum density* 


Diameter} of Zone of Exhibition for Vitamin 
Volume of Inoculum per Plate $12 Concentration of 


(12.5 Ml of Agar Medium)t 


0.05 pg/ml 0.2 pz/ml 
ml mm mm 
0.61 21.2 24.4 
0.02 20.8 23.6 
0.05 19.9 23.5 
0.1 19.6 23.6 
0.2 17.9 20.4 


* Cuthbertson et al., 1951. 

+ 15-16 Hr culture diluted to turbidity 4 on Burroughs. 
Wellcome turbidity scale. 

t Average of four cups. 


Several authors have reported the same experiences 
in the assay of this substance (White et al., 1949: 
Brownlee et al., 1949a and 1949b). Large inocula also 
interfere with the activity of Aureomycin (Paine et al 
1948a and 1948b) and Terramycin (Baron, 1950). 

In diffusion assays, for both antibiotics and vitamins, 
the density of the inoculum or the quantity of organisms 
used in the inoculum affects the zone size obtained. 
Changes in inoculum sizes are correlated with changes 
in zone size (table 2). 


” 


In the assay of vitamin By using Lactobacillus lactis 
(ATCC 8000) Cuthbertson and Lloyd (1951) found that 
large inocula are required for their plate procedure. 

In all assay procedures the size of the inoculum can 
be controlled. In method development, the microbiolo- 
gist should determine experimentally what size inocu- 
lum is optimum for a new procedure and standardize it 
at that particular point, thereby eliminating another 
variable. 

(c) Temperature relationships. Although temperature 
affects the growth rate of the test organism and _ the 
optimum temperature is defined (Gunsalus, 1951) as 
“that at which the organism has the minimum gener- 
it is not 
necessary that the incubation temperature used in an 
assay procedure be the optimum temperature for the 
test organism. It should be, however, a temperature at 


ation time, that is, maximum growth rate,” 


which good growth will occur. The selected temperature 
should give the desired results in relation to both the 
test organism and the test solution within the time 
limitation set for the particular assay. 

For example, in the assay of antibiotics, Bacillus 
subtilis will give results after 314 hr incubation at 37 C 
or overnight at 25 to 28 C (Florey et al., 1949). In the 
assay of streptomycin by FE. coli, better results are ob- 
tained when the incubation temperature is 28 C than 
when it is 37 C (Brown and Young, 1947). Most tests for 
antiseptics, disinfectants, and fungicides are performed 
at an incubation temperature close to optimum for the 
test organism. 


The range of optimum temperatures for organisms of 
the lactic-acid group is wide. The official compendia 
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(Official Methods of Analysis, 1955; The Pharmacopeia 
of the U.S.A.) permit selection of a temperature be- 
tween 30 and 37 C for the assay of riboflavin, folic acid, 
niacin, and vitamin By, but require that the tempera- 
ture be kept constant to +0.5 C. Schweigert and Snell 
(1947) select the same range for the assay of amino 
acids. However, in the assay of vitamin By, J. F. Gain, 
Jr. (personal communication) has found that decidedly 
better growth is obtained when the assay is carried out 
at 37.5 than at 34 C. 

The selected temperature may be dictated by the 
nature of the substance being assayed. An example of 
this is chlortetracycline, which is unstable at 37 C, thus 
necessitating a lower temperature for the microbiologi- 
cal assay of this material. Experiments by Borek and 
Waelsch (1951) have demonstrated that temperature 
changes can affect the nutritional requirements of 
Lactobacillus arabinosus for amino acids. At. tempera- 
tures up to 35 C, the organism grows readily in the 
absence of phenylalanine or tyrosine. At 37 C, this 
microorganism does not grow unless one or the other 
amino acid is supplied. At 39 C, aspartic acid is re- 
quired for growth. Yet this same organism may be used 
to assay nicotinic acid at any temperature between 30 
to 37 C (Snell, 1950). 

The most important aspect of temperature in assay 
procedures is the control of variations in incubators. 
Variations of from 3 to + C in an incubator set at 37 C 
were found by Price and Graves (1944). The changes in 
temperature caused variation in results in their assay 
of riboflavin. Circulating-air incubators and controlled 
water-bath incubators are most effective in control of 
these temperature fluctuations. 

The selection of the proper incubation temperature is 
important, but the actual choice often may be arbitrary. 
In the development of an assay procedure, the tempera- 
ture will depend upon the test organism, the material 
to be assayed, and the amount of time in which the 
assay is to be completed. Further investigation into the 
temperature relationships of assay organisms appears 
warranted. Snell (1950) suggests that perhaps better 
assays could be devised at temperatures outside the 
ranges now used. 

(d) Culture medium. It was previously mentioned 
that microbiological assay procedures are dependent 
upon the reaction of the test organism with its environ- 
ment. The culture medium is, therefore, an important 
factor in the success of a given assay. 

An assay that is satisfactory must give reproducible 
results. The culture medium used in any assay may 
affect this reproducibility within or among laboratories. 
First, within a laboratory, consistent results can be ob- 
tained only by rigid control of the composition of the 
culture medium. * Variations in the concentration of 
certain ingredients is to be avoided in routine assays. 
When the culture medium is not quantitatively pre- 
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pared, environmental conditions are changed and the 
test organism may exhibit variation in growth to a 
greater or lesser degree. In analytical procedures which 
may vary to the extent of +15 per cent, control of these 
apparently minor factors may aid in reducing the over- 
all error. 

Secondly, a further extension in the control of the 
composition of the culture medium is necessary for 
laboratories to obtain results that other laboratories 
can reproduce. It is essential to standardize the culture 
medium used for a particular assay. Neter et al. (1952) 
determined that the composition of the culture medium 
influenced the activity of several antibiotics. In the 
assay of antiseptics, disinfectants, and fungicides, the 
resistance of the test organism will vary with changes 
in the specified culture media (Brewer, 1942). Stand- 
ardization of media for testing such compounds is re- 
ported by several investigators (Klarmann and Wright, 
1945; Ostrolink and Brewer, 1949; Wolf, 1945). 

A variety of media are available for the assay of 
different growth factors. This presents a problem in the 
evaluation of results obtained using different media. 
A single medium has been devised for the assay of folie 
acid and riboflavin, and nicotinic acid and vitamin By 
(Flynn et al., 1951). Mayernick and Ewald (1951) have 
prepared a dry composite medium for the determination 
of ten amino acids. 

It has been suggested by Price et al. (1947) that 
laboratories maintain a reference-standard medium 
which would be used with a sensitive test organism to 
test new batches of medium. They have suggested use of 
a factor to interpret results from different laboratories. 

An example of the effect of culture media upon the 
activity of a compound is in the evaluation of strepto- 
mycin. Table 3 (May et al., 1947) shows the difference 
in streptomycin activity in two different culture media 
against a number of organisms. 

It is obvious that the effect of the culture media on 
the antimicrobial activity of this compound is great. 
Other studies have shown similar differences (Bondi 
et al., 1946). Variations in tryptone (Donovick and 
Rake, 1946), the nitrogenous constituents of the 
medium (Green and Waksman, 1948), and the substi- 
tution of neopeptone for asparagine in McLeod’s medium 
have all changed the minimum inhibitory concentration 
of streptomycin in in vitro tests (Lenert and Hobby, 
1947). Amino acid requirements of certain organisms 
may vary with different basal media (Snell, 1945). The 
lysine, threonine, and alanine requirements of L. case?, 
L. arabinosus, and L. delbrueckii are eliminated when 
pyridoxine in the basal medium is replaced by an equal 
amount of pyridoxamine (Stokes and Gunness, 1945). 

For all assay culture media, there must be some mini- 
mum standards. The requirements for an ideal culture 
medium for use in analytical procedures are as follows: 
(1) Jt must contain all factors necessary to support 


TABLE 3. Comparison of activity of streptomycin 
Organism 


Bacterium friedlanderi 
Bacterium coli 
Pseudomonas pyocyanea 
Proteus 

Salmonella typhi 
Salmonella paratyphi A 
Salmonella paratyphi B 


Salmonella paratyphi ( 
Salmonella sp... 
Shigella sp. 
Streptococcus pyogenes 
Streptococcus viridans. . 
Staphylococcus 5 
Hemophilus influenzaet. 


* May et al., 1947. 
+ Fildes extract added to medium for H. influenzae. 


growth. The test organism must be supplied with all the 
nutrients that it needs for normal growth and metabo- 
lism, including (a) source of energy; (b) source of 
nitrogen; (c) mineral salts (specifie ions); (d) growth 
factors when applicable (employment of synthetic 
media). 

In obtaining a positive growth response, as in the 
assay of growth factors, this requirement is met by 
supplying graded amounts of the material being as- 
sayed. In this case, the culture medium must be pre- 
pared so that all of the necessary nutrients are available 
to the test organism, with the exception of the one that 
will control growth. Any absence of growth must be 
due only to the lack of test material, or the assay is not 
valid. 

This also applies to the negative growth response. 
Lack of growth must be due only to the presence of some 
inhibitory substance, rather than to a missing nutrient 
which is essential to the normal growth and develop- 
ment of the test organism. The variation in the nutri- 
tional requirements of the organisms used for analytical 
purposes is as great as the number of organisms. 
Culture media range from the relatively simple media 
used in the assay of trace metals by fungi and the assay 
of vitamins by Neurospora mutants to the highly com- 
plex media used in the assay of vitamins and anti- 
biotics. 

(2) It must not contain any constituent which affects 
either the substance being assayed or the test organism. 
This requirement may be affected by substances which 
fall into three categories—stimulants, substitutes, or 
antagonists. Many substances have been found to have 
a stimulatory effect on microorganisms. For example, 
fat in certain concentration has a stimulatory effect on 
the test organism used in the assay of riboflavin 
(Bauernfeind et al., 1942; Strong and Carpenter, 1942), 
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v hydrochloride against bacteria in two different media* 


Range of Concentrations Completely Inhibiting Growth, 1 Part 
Number of 


Strains Studied 


In broth In glucose phenol red 
serum water 


5 30 000-1 , 500 , 000 2,000 ,CO0-12 , 000 ,000 
IS 40 000-160 , O00 500 , 000-2 , 000 , 000 
5 20 ,000—40 , 000 1,000 ,000—4 ,000 , 000 
6 10, ,000-20 , 000 500 , 000-2 , 000 , 000 
S 20 , 000-80 , 000 500 , 000-4 , 000 , 000 
1 20 ,000—40 , 000 1,000 , 000-2 , 000 , 000 
5 20 ,000—40 , 000 500 , 000-1 ,000 , 000 
1 20,000 1,000 ,000 

6 20 ,000-160 , 000 500 , 000-2 ,000 , 000 
1 160,000 1,000,000 

1 160,000 1,000,000 

“f 50 000-400 , 000 1,000 000-6 , 000 , 000 
2 320,000 4,000, COO 

i 100,000 600 ,000 


pantothenic acid (Bauernfeind et al., 1942; Neal and 
Strong, 1943), and biotin (Williams and Fieger, 1945). 

Starch, in the presence of riboflavin, has this 
same effect on Lactobacillus casei (Scott et al., 1941: 
Andrews et al., 1942). The zones of inhibition in the 
assay of antibiotics are also affected by stimulatory 
substances. Sugars (Bond, 1952; Knowlden, 1955), 
peptones, salt concentration (Loo et al., 1945), and 
yeast extracts (Grenfell et al., 1947) modify the zones 
obtained. A growth increase in certain antibiotic assays 
is said to be the result of subbacteriostatic concentra- 
tions of antibiotics (Dufrenroy and Pratt, 1947). In the 
assay of viomycin, a subinhibitory concentration of 
sulfadiazine increases sensitivity of the assay (Dye et 
al., 1952). The use of impure amino acids in culture 
media prepared for use in the assay of individual amino 
acids will lead to high blanks and invalid assays (Barton- 
Wright, 1950). The minerals present in water used 
in the assay of trace metals must be removed if the 
assay is to be valid. 

Stimulation of the activity of the material being 
tested is also considered in this category. For example, 
serum albumin will enhance the activity of gramicidin 
against a hemolytic streptococcus several times (Florey 
et al., 1949). The inclusion of sorbitan monooleate 
(Tween-80) in the culture medium will enhance the ac- 
tivity of subtilin against WV. tuberculosis, and increase 
the sensitivity of polymyxin assay (table 4). 

The second category of substances includes those 
whose activity will affect the test organism in the same 
manner as the material under test. These may be called 
substitutes. Thymidine in excessive quantities will sub- 
stitute for folic acid when Streptococcus faecalis is used 
as a test organism in the assay of the latter compound 
(Snell and Mitchell, 1941; Stokes, 1944). Thiamine 
affects Neurospora sitophilia so that the organism does 
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TABLE 4. 7'itration of polymyzxin with and without 
T'ween-80* 





Zone Diameter 
Conc. Polymyxin 


Control Tween-80 
a unils ml mm mm -_ 
128 26.7 | 28.8 
64 24.3 | 25.7 
32 19.7 23.25 
16 16.7 | 20.0 
8 0 16.0 
4 0 | 0 


* Stansly and Schlosser, 1947. 


not respond quantitatively to pyridoxine (Morris et al., 
1949). The desoxyribosides and thymidine may replace 
vitamin By in the nutrition of L. lactis and L. leich- 
mannit (Cuthbertson et al., 1951). 

Finally, there is an antagonistic effect. An evaluation 
of sulfa drugs would be invalid if there were an excess of 
para-aminobenzoic acid in the culture medium. Strepto- 
mycin is inactivated by incubation with cysteine 
(Florey et al., 1949), glucose, sulphydryl, and ketone 
compounds (Baron, 1950). Chlortetracycline activity is 
reduced 55 to 96 per cent by decomposition in various 
culture media (Price et al., 1948) and oxytetracyeline, 
similar in structure to chlortetracycline, also deteriorates 
in culture media. Penicillin is affected by amino acids 
(Baron, 1950). Growth factors also have their antago- 
nists. It was previously mentioned that fats may stimu- 
late the response of L. casei to riboflavin. Depending 
upon the concentration, they may also inhibit the growth 
response (Snell, 1950). Amino acid antagonisms are re- 
ported in the literature (Brickson et al., 1948; Glad- 
stone, 1939; Gunsalus, 1951). This can be overcome by 
either the number or the concentration of the amino 
acids in the basal medium (Barton-Wright, 1952; 
Gunsalus, 1951; Schweigert and Snell, 1947). 

It is important that the culture medium prepared for 
an assay of any given material be free from components 
that would cause invalid results. 

(3) It must have a pH which will not interfere with 
either the activity of the substance being assayed or the 
growth of the test organism. The pH of the culture 
medium must be in a range that will allow the organism 
to grow readily. In the case of organisms producing by- 
products which are acid in nature, suitable buffers must 
be incorporated in the medium. As indicated previously, 
absence of growth should be due only to the lack of 
test material when determining positive growth re- 
sponse, and due only to the presence of an inhibitory 
substance in negative response. 

A second problem is involved in setting limits for pH. 
The pH must be favorable for the optimum activity of 
the substance being tested. Generally, this can be con- 
trolled by the use of buffer solutions in preparing the 
sample for assay. In order to gain optimum conditions, 
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it might be necessary to vary both the pH of the culture 
medium and the pH of the assay solution. 

(e) Oxygen relationships. This factor is of relatively 
minor importance. Several reports in the literature indi- 
cate that the oxidation-reduction potentials of culture 
media might contribute to vitamin assay variation 
(Bohonos et al., 1942; Geiger et al., 1946; Koditschek 
et al., 1949; Niven and Smiley, 1943). The addition of 
cysteine, thioglycollate, or ascorbic acid will help 
minimize this, but in most assay procedures this pre- 
caution is unnecessary. 

Certain organisms, such as Acetobacter suboxydans 
used for the assay of panthenol, and yeasts in general, 
require a supply of oxygen for heavy growth. This is 
accomplished either by continuous shaking during in- 
cubation or by the use of flasks which will give a favor- 
able ratio of surface to volume. 

Parrish et al. (1955) reduced variation between repli- 
cate tubes in vitamin Bs assay with Saccharomyces 
carlsbergensis by placing a glass bead in each assay 
tube. They attribute this reduction to an increase in the 
uniformity of agitation during the incubation period. 

Streptomycin (Geiger ef al., 1946) and chlortetra- 
cycline (Paine et al., 1948b) are both affected by 
anaerobiosis. The examples cited above show that there 
are special cases where the oxygen requirement of the 
test organism is important to the success of the assay 
and should not be overlooked. 
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Kmulsion oils consist of petroleum oils emulsified 
with soaps of tall oil, rosin, petroleum sulfonate, and 
so forth, and additional additives such as rust inhibitors 
and couplii.. agents. The lubricant is sold as a water-free 
concentrate to the customer, who dilutes it with water 
in ratios of 1 part oil to 20 to 40 parts water. The 
diluted material forms a stable milk-white emulsion 
which has the lubricating properties of petroleum and 
the cooling properties of water. These coolants are 
supplied to the cutting and grinding machines either 
from an individual tank containing 50 to 100° gal, 
attached to the machine, or from large sumps con- 
taining thousands of gallons which supply many ma- 
chines. The coolant flows over the metal being worked 
and then returns to the individual tank or sump, from 
which it is recirculated. 

Kmulsion oil concentrates are practically free of 
bacteria when sold to the customer. The open circulation 
systems offer ample opportunity for the emulsion to 
become contaminated with bacteria as it flows over 
the hands of workers and collects in pans around 
the machines into which the workers may spit or urinate. 

The bacteria that find their way into the emulsion 
are capable of oxidizing the lubricant, resulting in 
spoilage, with the production of nauseating odors and 
emulsion instability. It is necessary to discard the 
spoiled emulsion, clean the machine, and add_ fresh 
coolant, with considerable loss in production. 

In recent years the bacterial content of cutting 
emulsions has received considerable attention. Research 
has been directed toward understanding the mechanisms 
by which bacteria spoil the emulsion; determining 
methods for controlling bacterial spoilage; and deter- 
mining whether, under industrial conditions, emulsion 
oils may contain disease-producing microorganisms. 

Rosenberger (1922) investigated the bacterial flora 
of oil emulsions and reported the presence of both 
sporeforming and nonsporeforming bacilli. Lee and 
Chandler (1941) found the principal organisms in 
cutting emulsions to be a new species, Pseudomonas 
oleovorans. Duffett et al. (1943) found that the majority 
of the species isolated from 30 different emulsion oil 
samples belonged to the genus Pseudomonas. In addition 
to P. oleovorans, Pseudomonas aeruginosa, two species 
of Achromobacter, Aerobacter aerogenes, Escherichia coli 
Bacillus alvei, and also yeasts and molds, they isolated 
six new species of pseudomonads. Hach emulsion sample 
usually contained several different species and genera. 


Weirich (1943) found EF. coli to be the second or third 
most common organism found in cutting emulsions, 
and also noted the presence of micrococci and P. 
aeruginosa. The C. B. Dolge Company (undated pam- 
phiet) reported that EL. coli was present in large numbers, 
and that streptococci and micrococei were occasionally 
present. Pivnick (1952) found micrococei, Sarcina, 
Flavobacterium, Vibrio, and many species of pseudo- 
monads. Bennett (1956) reported the isolation of a 
Paracolobactrum sp. and a Salmonella sp. from used 
cutting emulsions. Pivnick and Fabian (1954) did not 
find /. coli in samples examined; however, they isolated 
A. aerogenes and coli-aerogenes intermediates as well 
as pseudomonads, Pivnick (1955) isolated a new species, 
Pseudomonas rubescens, from emulsion oils. Bennett 
and Wheeler (1954) found large numbers of Micrococcus 
pyogenes var. aureus in a used sample from a plant 
where several workers were suffering from pyogenic 
infections. 


Tape 1. Organisms isolated from one hundred samples of used 


emulsion oils 


Total No. of 
Times Organ 
isms Isolated 


Organism 


Achromobacter sp. 12 
Aerobacter aerogenes IS 
Aerobacter cloacae | 
Bacillus cereus : 7 
Bacillus subtilis 3 
Diplococcus pneumoniae , | 
Escherichia coli 1] 
Escherichia freundii. . 7 
Escherichia intermedium 2 
Klebsiella pneumoniae 32 
Vicrococcus citreus 1 
Micrococcus pyogenes var. albus : 5 
Micrococcus pyogenes var. aureus 17 
Paracolobactrum intermediates 17 
Proteus mirabilis 2 
Proteus morganii ee 6 
Proteus sp. a 
Proteus vulgaris.... 16 
Pseudomonas aeruginosa 57 
Pseudomonas oleovorans 64 
Pseudomonas sp. 34 
Sarcina sp. l 
Shigella madampensis (Shigella dispar) l 
Streptococcus pyogenes, alpha hemolytic 11 
Streptococcus pyogenes, beta hemolytic 6 


Yeast ; : : 14 
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Okawaki (1953) reported that 
intestinal pathogens survived and also multiplied in 
oil emulsions. Pivnick et al. (1954) confirmed Okawaki’s 
work. Wheeler and Bennett (1954) and Bennett and 
Wheeler (1954) showed that gram positive pathogenic 


several species of 


organisms were not capable of surviving in oil emulsions, 
but gram negative pathogens remained viable for as 
long as 250 days in two different emulsions. 

In view of the fact that pathogenic bacteria have 
been shown capable of surviving or growing in emulsion 
oils under laboratory conditions, it was felt that failure 
to isolate them from used emulsion samples might be 
due to the limitation of the techniques employed. 
This investigation was undertaken to develop a tech- 
nique that would demonstrate the presence of patho- 
genic bacteria in small quantities in emulsion oils, 
and to determine if these microorganisms exist in used 
emulsions. 


[EXPERIMENTAL METHODS 


Samples of seven different commercial coolants were 
obtained at weekly intervals for 11 weeks from a large 


TABLE 2. Comparison of the microbial flora of seven commercial metal coolants* 


Coolant A 


Coolant B 


ISOLATION OF BACTERIA FROM OILS 333 


machine shop. These samples were obtained from the 
following nine collecting points: 

Collecting point no. 1: machine is served by individual 
tank, capacity 60 gal. Oil is not changed, but 1 to 3 
gal. coolant are added daily to make up for loss due to 
evaporation and so forth. 

Collecting point no. 2: machine is supplied from a 
6,500-gal sump serving 6 large machines. This is the 
same commercial coolant as obtained at collecting 
point no. 4. 

Collecting point no. 3: machine is served by individual 
tank, capacity 80 gal. Coolant is added and changed 
every 3 to 6 months as needed. 

Collecting point no. 4: 6,500-gal sump serving 6 large 
machines. Coolant is changed every 3 to 6 months, 
and lines to machines flushed and cleaned approximately 
once yearly. 

Collecting point no. 5: 7,000-gal sump serving approxi- 
mately 50 machines. This is the same coolant as ob- 
tained at collecting point no. 6. Sump is cleaned and 
coolant changed approximately once yearly. 


Commercial Coolants 


Coolant C Coolant D Coolant E | Coolant F | Coolant G 


Ficwas : cals 
; iad Collecting Collecting Collecting Collecting Collecting Collecting Collecting Collecting Collecting 
nt point 2 point 4 aint 3 point 5 point 6 point 7 point 8 point 9 
(entities oil (emulsion | (emulsion tages aii (emulsion | (emulsion | (emulsion | (emulsion (emulsion 
. oil) oil) oil) oil oil) oil) oil) 
No. of times isolated 

Achromobacter sp ] 3 | 3 1 
Acrobacter aerogenes 6 6 2 2 2 
Aerobacter cloacae 1 
Bacillus cereus 2 2 2 1 
Bacillus subtilis 2 1 
Diplococeus pie mona 1 
Escherichia coli 5 6 5 6 } 8 } 3 
Escherichia freundii 2 3 2 
Escherichia intermedium 2 
Klebsiella pneumoniae 1 6 6 6 5 4 1 
Vicrococeus pyogenes Var. albus 2 1 l l 
Vicrococcus pyogenes var, aureus... 2 2 4 4 3 2 
Vicrococeus pyogenes var. citre us 1 
Paracolobactrum sp 7 6 5) 6 6 8 4 i 
Proteus mirabilis 2 
Proteus morganii 3 2 1 
Proteus sp. 1 3 
Proteus vulgaris 7 10 7 5 7 4 6 
Pseudomonas aeruginosa 5 7 9 5 5 7 8 5 6 
Pseudomonas oleovorans 9 5 7 11 6 5 5 9 8 
Pseudomonas sp. 1 3 2 6 l 3 3 6 5 
Sarcina sp. 1 
Shigella madampensis (Shigella dispar). I 
Streptococcus pyogenes, alpha hemo- 

lytic ase 3 3 4 1 
Streptococcus pyogenes beta hemo 

lytie 2 2 2 | 

4 5 | 4 1 | 


Yeasts 


* Eleven samples of each coolant were employed, with the exception of Coolant C, which is represented by twelve samples. 
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Organisms 
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Aerobacter aerogenes 
Aerobacter cloacae 


Bacillus cereus 
Bacillus subtilis 
Diplococcus pneumoniae 


Escherichia coli 
Escherichia freundii 
Escherichia intermedium 


Klebsiella pneumoniae 
Micrococcus pyogenes var. albus 
Micrococcus pyogenes var. aureus 


Micrococcus pyogenes var. citreus 
Paracolobactrum intermediates 
Proteus mirabilis 


Proteus morganii 
Proteus sp. 
Proteus vulgaris 


Pseudomonas aeruginosa 
Pseudomonas oleovorans 
Pseudomonas sp. 


Sarcina sp. a 
Shigella madampensis (Shigella dispar) 
Streptococcus pyogenes, alpha hemolytic 


Streptococcus pyogenes, beta hemolytic 
Yeasts 


Collecting point no. 6: machine 
described as collecting point no. 5. 


served by sump 


Collecting point no. 7: machine served by individual 
tank, capacity 50 gal. Coolant is changed and added 
as needed. Because of objectionable odor, an inhibitor 
is added in amount of 2 oz weekly. 

Collecting point no. 8: machine served by individual 
tank, capacity 70 gal. Coolant is changed and added as 
needed. Machine is only in intermittent use. 

Collecting point no. 9: machine served by individual 
tank, capacity 72 gal. Coolant is changed approximately 
once each month. 

Isolation and identification of organisms from the 
above-described samples were accomplished by the 
following technique: 

1. A 100.0-ml sample of emulsion was obtained at 
the collecting point in a sterile screw-capped bottle. 

2. As soon as possible (within 2 to 4 hr), 4.0 ml of 
the sample was centrifuged at 20,000 rpm. Immediately 
after collection the supernatant liquid was pipetted 
off aseptically and discarded, and the sediment was 
used to streak nutrient and blood agar plates. 

3. A 20.0-ml amount of the uncentrifuged sample 
was inoculated into 200.0 ml of selenite broth (Difco) 
for isolation of enteric pathogens. 

4. After incubation at 37 C for 18 hr, SS and EMB 
plates were streaked for isolation. 


C. O. TANT AND E. O. BENNETT 


[vou. 4 


Collecting point 1 Collecting point 2 


Week Week 


1}2/)3)4/5/6|7/8{9)1011)1)2)3)4)5)6/)7/8) 91011)1)2)3 


TABLE 3—The weekly frequency of the mir, 
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5. Pure cultures so obtained were identified em- 


ploying routine bacteriological procedures. 

Direct streaking of plates from the coolant samples, 
without employing high-speed centrifugation or enrich- 
ment medium, resulted in isolation of only a few of the 
species found by use of the method described above. 

It is essential that the specimens be processed within 
a few hours from the time of collection; otherwise 
Pseudomonas and Proteus species will multiply with 
great rapidity, making isolation of 
difficult, if not impossible. 


the pathogens 


RESULTS 
Table 1 shows that 26 species were identified from 
the 100 coolant samples. In addition to this, organisms 
which could not be identified were encountered. 
Machines (collecting points no. 2 and no. 6) supplied 
by large sumps (collecting points no. 4 and no. 5) were 
found to contain a much higher number and variety of 
organisms than machines equipped 


with individual 


tanks, as shown in table 2. 
As can be further seen from table 2 and table 3, the 


ratio of pathogens to nonpathogens is shown to be 


much higher in the sumps, and machines served by 
them, than in the machines equipped with individual 
tanks. 

The frequency and variety of organisms varied 
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jal flora of used emulsion oils for eleven weeks 
j Collecting point 4 Collecting point 5 Collecting point 6 Collecting point 7 Collecting point 8 Collecting point 9 
Week Week Week Week Week Week 
213/4)5/6|7| 8) 9)10)11) 1) 2/3) 4/5 6|7)8)9/10)11)1)2)3/4/5/6)7/8)9 10/11) 1)2)3)4)5)6) 7) 8) 9/1011) 1) 2)3)4)5)6) 7) 8) 910/11, 1) 2)3)4)5)6)7) 8) 910/11 
+} |+] |4 +l+/+] |+ + +t) + + 
+\+ +) |+/4 tit) i+) |+i+]+ ‘ } + +| | | + + | 
| + 
+ + + + cc 
t+ 7 
+ +/+ +| |+ i+) |+ +| [+/+ + Heit) | fei) i+ i+ +/+ +/+ +) |+ + 
+} |+ , + + +| |+ | | 
+) |+ 
+ + +4 tl+i+] | |+/4 +} +i+]+) | + +} +] | |+) | i+ + 
4 } 4 + + | 
+ t + t Pe tee + + ay F - 
++ + + tit) [+) [+] 4 bet be | a) elt titel it) ) tit + +) | 4) jtiti | iti+ 
| +/+ | 
+ + T | 
+ | 
$+i+++/4 +4 + + tl+) |+) |+\+| |+ t +) biti tit] +) [+/+ +\+) +) + | + +++) |+/+ 
+ i+i+)./+/4/4/4 + ++ +| 4+) |+4/+/+ +) Fltit) |ti4)/+i+/+ +\+ +++ +++) |+/+| ++ 
$+ 4\+/++ t ; i+) |+ ++ ++) + ++ +) +)+)+i4/+/+|+/+ + +/+ ++ 4+4+4+4+/++ 
+ ++ + 7 +) |+ ++ ++ a ++ 
+ +/+] |+ | | 
+ + + aa 
+/+ + + + | le + + + 7 
widely from one coolant to another, ranging from only next morning growing on the inside of the Petri dish 
four species in the samples obtained at collecting point cover. Such activity on nutrient and blood agar was 
no. 1 to 22 species in the samples obtained at collecting controlled by the addition of chloral hydrate to inhibit 
point no. 5. Proteus and potassium tellurite to inhibit Pseudomonas. 
There was no significant variation in organisms These organisms were also observed swarming on SS 
present following addition or change of coolants in agar plates during the early stages of the investigation. 
the machines. This was subsequently controlled by reducing incuba- 
Furthermore, it was noted that the number and tion time of the selenite broth inoculations from 24 
species of organisms isolated remained relatively to 16 hr. However, in a few instances, it was also found 
constant from week to week (table 3) in any particular necessary to incorporate chloral hydrate and/or po- 
coolant obtained from the same collecting point. tassium tellurite in the SS agar plates. This character- 
eee istic swarming could account for the report by Lee 
SCUSS -s ~ — . . ‘ 
; and Chandler (1941) of isolation of almost pure cultures 
4 "OO Si , “Kers Y ve > "OA, S Ss . 
I ei = other a rs to = ss an ee of P. oleovorans from used coolant samples which they 
In usec SOOL Samples was robably due to their use : 
F ? COREY SA obi vad i : oe takes examined. 
O 1e customary wating yroceaures or isolation. ah) : : : 
ea ones SI ' This investigation shows that, even when using the 
This study indicates that the routine methods of : ; co ; 
e , ay technique herein described, speed in inoculating the 
isolation are not sufficient because of rapid multiplica- At spilt : “ 
pas ‘ 2 ; ‘ media is essential if reliable results are to be obtained. 
tion of Pseudomonas and Proteus species which overgrow . si: ; 
pee pet eee ce lt A delay of more than 6 to 8 hr in inoculating the samples 
and/or inhibit the more fastidious pathogens. Excessive ‘ : sal abl ee 
; : ; nee ninhinalie: tecubieetiihihe: inmdundiia 
overgrowth of these two genera was one of the major may result in practically uncontrolla - overgrowth 0 
problems encountered in the early stages of this investi- these Pseudomonas and Proteus species. It has been 
gation. In one instance, for example, in a blood agar shown (Fabian and Pivnick, 1953; Pivnick and Fabian, 
plate streaked from the centrifuged portion of a sample 1954) that growth of pseudomonads in soluble oil 
obtained at collecting point no. 9, Proteus not only emulsions inhibits the growth of other organisms. 
swarmed over the plate in less than 24 hr, but grew This time factor involved in shipping used coolant 
up the sides away from the media, and was found the samples to a distant laboratory probably accounts for 
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the failure of Pivnick (1955) to isolate but few organisms 
other than those belonging to the genus Pseudomonas. 

Officials of the plant cooperating in this present 
research report that, on several occasions, they have 
sent used coolant samples to a large commercial labora- 
tory several hundred miles away, but the results were 
inconclusive, although the samples were packed in dry 
ice and shipped by the most rapid transportation 
available. 

Bennett (1956) reported that samples of emulsion 
containing 26 million organisms per ml were frozen 
at —70 C and stored in a freezer, After storage for 24 hr 
the bacterial content was less than 1000 organisms per 
ml. The reduction in viable bacteria was believed to be 
due to the freezing process itself. Samples stored under 
refrigeration for 9 days showed a 55 per cent reduction 
in viable bacteria, and samples stored at room tem- 
perature for the same period of time resulted in a 
reduction of 68 per cent. Aside from the gross changes 
in the bacterial populations during storage, it would be 
important to know what changes in species concentra- 
tion occurred. 

Bennett and Wheeler (1954) reported that the gram 
negative pathogens constituted the most serious prob- 
lem in emulsion oils. These workers found that  or- 
ganisms of this group survived for considerable periods 
of time, while the gram positive organisms quickly 
died. This study indicates that their observation is true. 
All of the organisms isolated with any frequency were 
gram negative. 

The presence of Achromobacter in emulsion oils has 
also been reported by Duffett et al. (1943). Since these 
organisms are present in 12 per cent of the emulsions 
studied, additional work is needed to determine their 
significance. 

A. aerogenes has been reported to be present in 
emulsion oils by Duffet et al. (1943) and Pivnick and 
Fabian (1954). Fabian and Pivnick (1953) reported 
that this organism was capable of growing in pure 
cultures in emulsion oil. Bennett and Wheeler (1954) 
reported these organisms had a survival time of from 
30 to 59 days in two different emulsions. Bennett (1956) 
reported this organism in almost pure culture from one 
industrial emulsion. The presence of A. aerogenes in 18 
per cent of the samples studied is considered to be 
additional evidence that these organisms are capable 
of growing in emulsion oils and probably constitute 
part of the microbial flora of these lubricants. 

Bacillus subtilis and Bacillus cereus were found in 3 
per cent and 7 per cent, respectively, of the samples 
studied. These organisms have not been found in 
emulsions before, although the presence of Bacillus 
alvet has been reported by Duffet et al. (1943). Bennett 
and Wheeler (1954) reported that B. cereus and B. 
subtilis did not survive for any appreciable time in 


lvoL. 4 


emulsion oils. It will be noted from tables 2 and 3 that 
the occurrence of these organisms in a_ particular 
emulsion was sporadic. This evidence would indicate 
these organisms are not part of the normal flora of 
emulsion oils. 

The presence of Diplococcus pneumoniae in emulsion 
oils has not been reported before. Bennett and Wheeler 
(1954) reported that this organism did not survive in 
emulsion oils. Its presence in only one sample possibly 
indicates recent contamination. 

The presence of /£. coli in emulsion oils has been 
reported by Duffet et al. (1943), Weirich (1943), and 
the C. B. Dolge Company (undated pamphlet). Weirich 
(1943) reported this organism to be the second or third 
most common encountered in used emulsions. Fabian 
and Pivnick (1953) found that pure cultures of this 
organism grew in emulsion oils, while Bennett and 
Wheeler (1954) reported that this organism was not 
capable of surviving for any appreciable length of time. 
The short survival time may have been due to a strain 
variation. /. coli was isolated from 41 per cent of all 
samples studied, and showed some consistency from 
week to week in several used emulsions. It may be 
present in the emulsion because of frequent reinocula- 
tion, or because it is capable of growing in the lubricant. 
Additional study of this organism in emulsion oils is 
needed in order to elucidate its importance in these 
coolants. 

Klebsiella pneumoniae was isolated from 32 of the 
100 samples studied. Pivnick et al. (1954) reported that 
one of the two strains studied was capable of growing 
in pure culture in emulsion oils. The other strain de- 
creased in numbers and disappeared entirely after 21 
days’ incubation. Bennett and Wheeler (1954) reported 
that the organisms did not survive in either of the two 
emulsions studied. Their results were probably ob- 
tained with a strain similar to that studied by Pivnick 
et al. (1954) which did not grow in an emulsion. Pivnick 
et al. (1954) reported that, after recovery from the 
emulsion, the strain which grew was capable of killing 
mice. It is possible that this organism constitutes part 
of the natural flora of emulsion oils. 

The C. B. Dolge Company (undated pamphiet) 
reported that staphylococci were occasionally present 
in emulsion oils. Pivnick (1952) also reported the 
presence of this organism in emulsions. Bennett and 
Wheeler (1954) found large numbers of MM. pyogenes 
var. aureus in a used sample from a plant in which 
several workers were suffering from pyogenic infections. 
The organism could not be recovered from the emulsion 
after the sample had been allowed to stand for 1 week. 
These workers could not show survival for any sig- 
nificant period of time in two different emulsions. 
From these observations, Bennett and Wheeler (1954) 
assumed that these organisms were not capable of 
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growing in emulsions, but that the organism could be 
isolated where considerable numbers were being inocu- 
lated into the coolant by infected workers. Tables 2 
and 3 show that the presence of these organisms in 
emulsions is very sporadic. The assumption of Bennett 
and Wheeler (1954) that these organisms are not part 
of the normal flora of emulsion oils is probably correct. 

Bennett (1956) reported the isolation of a Paracolo- 
bactrum organism from a used emulsion. The presence 
of these organisms in 47 per cent of the samples studied 
indicates that they may be an important part of the 
microbial flora of emulsion oils. Additional work needs 
to be done before a definite conclusion can be drawn 
as to their role in these lubricants. 

Bennett and Wheeler (1954) reported that Proteus 
vulgaris was capable of surviving in one emulsion for 
longer than 150 days. Although no growth studies have 
been carried out on these organisms in pure culture, it 
would seem that they are capable of growing in the 
emulsion. Since they were consistently isolated from 
used emulsions in this study, it is felt these organisms 
can be considered as part of the normal microbial flora 
of emulsion oils. The presence of other species of this 
genus does not seem to be important, since they were 
only occasionally isolated. 

The presence of Pseudomonas species in emulsions 
has been reported by many workers (Lee and Chandler, 
1941: Duffet et a/., 1943; Weirich, 1943; Pivnick, 1952; 
Pivnick and Fabian, 1954; and Pivnick, 1955). Bennett 
and Wheeler (1954) reported that P. aeruginosa was 
capable of surviving for longer than 250 days in one 
emulsion. The results of this study indicate that P. 
aeruginosa is as common as P. oleovorans in emulsion 
oils. Organisms of the Pseudomonas genus appear to 
constitute a major part of the normal microbial flora 
of emulsion oils. 

Pivnick (1952) reported the presence of Sarcina 
organisms in emulsion oils. One sample of emulsion 
used in this study contained this organism. 

The presence of Shigella madampensis (Shigella dispar) 
in a used emulsion sample is of considerable interest. 
This is the first time that organisms of this genus have 
been reported in used emulsion oils. Bennett and 
Wheeler (1954) reported that Shigella paradysenteriae 
(flexneri) was capable of surviving in two different 
emulsions for as long as 76 days. Shigella sonnei was 
capable of surviving for only 19 days in one of the two 
emulsions studied. Pivnick et al. (1954) reported that 
four strains of S. sonnei and five strains of Shigella 
dysenteriae rapidly decreased in numbers and could not 
be detected after the tenth day of incubation. It is 
possible that this organism may be introduced into 
emulsion oils but it probably dies very quickly. 

The C. B. Dolge Company (undated pamphlet) 
reported that streptococci were occasionally present in 


emulsion oils. Bennet and Wheeler (1954) could not 
show survival of these organisms in two different 
emulsion oils even for 24 hr. The presence of these 
organisms in emulsions would seem to indicate recent 
contamination. 

Duffet et al. (1943) reported the presence of yeasts in 
emulsions. Unidentified yeasts were observed in 14 
of the 100 used samples studied. The significance of 
these organisms in emulsion oils is not known. 

The results of this investigation indicate that cutting 
emulsions can contain pathogenic microorganisms 
under natural conditions. The only reason they have 
not been implicated as possible vehicles of transmission 
in the past is our ignorance—and our failure to study 
‘arefully the emulsions during outbreaks of infectious 
disease in industry. 

It is important to remember that the mere presence 
of pathogenic bacteria in emulsions is dangerous, 
regardless of whether they are capable of growing or 
surviving for only short periods of time. The presence 
of even small numbers of streptococci and micrococci 
could be the cause of infections of machine tool workers. 

Aside from the obvious dangers of the pathogens 
presently isolated, the extremely high numbers of 
coliform organisms isolated is indicative of fecal con- 
tamination and potential infections of a far more 
serious nature. It has been known for some time (West- 
veer, 1951; Weirich, 1943; Fabian and Pivnick, 1953; 
Pivnick and Fabian, 1954) that potential contamination 
by pathogens could occur from many sources, for 
example, food particles in the coolants, dust, expecto- 
rating and urinating into the tanks, the worker’s hands, 
clothing, and so forth. One investigator (C. B. Dolge 
Company, undated pamphlet) has even reported the 
finding of feces in soluble oil emulsions in a plant. 
Heretofore, this has caused relatively little concern, 
since pathogenic organisms spread from these sources 
have not been found in any great numbers in the coolant 
samples. 

The results obtained appear highly significant from 
the public-health as well as industrial-health standpoint. 
One prefers not to contemplate what would happen in 
a community if two or three hundred workers in a 
plant came into contact with a coolant heavily con- 
taminated by a Salmonella carrier. The isolation of 
Shigella dispar along with coliform bacteria indicates 
that fecal contamination may be occurring to a great 
extent. Future investigations may indicate the necessity 
for public health departments to exercise vigilance over 
industries employing soluble cutting oils. 

It is remarkable to note that the industry cooperating 
in this study is considered to have an exceptional 
industrial hygiene and safety program. The shops are 

clean, hygiene regulations rigid, and the coolant is 
watched very carefully. It would be interesting . to 
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study the bacterial flora from an industry which is not 
so progressive. 

It is a common practice of most manufacturers to 
add antibacterial agents to their emulsions. In view of 
this fact, it is safe to assume that most of the emulsions 
studied contained bacterial inhibitors. It is surprising 
to note the presence of so varied a microbial flora in 
these so-called “inhibited” emulsions. Laboratory 
studies by Wheeler and Bennett (1956) showed that 
commercial cutting oil inhibitors were of no value in 
inhibiting bacteria in emulsions. It would be interesting 
to know whether inhibitors used in the emulsions 
studied were not inhibitory, or whether the organisms 
became resistant to them after introduction into the 
emulsion. 

In view of the present findings, bacterial contamina- 
tion of emulsions in industry appears to be a far more 
serious problem than has previously been thought. It 
is possible that many infections among workers using 
soluble oil emulsions could be the result of contact with 
pathogens present in the lubricant. Employee illnesses 
now cost industry millions of dollars annually in man- 
hours lost from work. If even ‘run-of-the-mill’ cu- 
taneous, upper-respiratory, and gastro-intestinal in- 
fections should be correlated with contaminated coolant 
solutions, industry may be forced to shoulder a heavy 
additional financial burden of workmen’s compensation 
claims by employees. Even though the claimant could 
not definitely prove that he contracted the infection 
from the coolant, to the exclusion of all possible outside 
contact, the mere presence of the possible causative 
organisms in the solution would probably be enough 
reason for most juries to award sizable damages at 
the expense of industry. 

In view of the results obtained employing the tech- 
nique described, the following future investigations 
are indicated: 

1. Examination of soluble oil emulsion coolants in 
many industries to determine how widespread are the 
conditions found to date. 

2. Examination of the same coolant as used in 
varying conditions in different machines to determine 
whether the contamination is related to the formulation 
of the coolant, or a factor of conditions of use. 

3. Inoculation of the isolated organisms into sterile 
coolants to determine their survival times and growth, 
both in pure culture and under operational conditions. 

4. Attempts should be made to trace the source of 
contamination if possible. 

5. Attempts should be made to determine if a cor- 
relation exists between illnesses of workers and con- 
tamination in the coolants they use. 

6. Virulence studies should be carried out to deter- 
mine if these organisms normally found in emulsions 
are pathogenic for animals. 
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SUMMARY 

A new technique for isolation of pathogenic bacteria 
from used emulsion oils is described. 

Twenty-six species of organisms, including, among 
others, Diplococcus pneumoniae, Klebsiella pneumoniae, 
Shigella. madampensis (Shigella dispar), Micrococcus 
pyogenes, and Streptococcus pyogenes were isolated, 

A higher number of gram negative than gram positive 
organisms was found. 

The frequency and variety of organisms was found 
to vary with different emulsion oils, but was always 
higher in samples obtained from sumps serving more 
than one machine. 

The significance of this investigation from the eco- 
nomic, industrial-hygiene, and public-health stand- 
points is discussed. 

Future investigations which the writers feel should 
be undertaken are outlined. 
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The pleuropneumonia-like organisms (PPLO) are 
recognized as a group of rather fastidious microor- 
Various and serum 
supplements have been examined by many investiga- 
tors relating to the development of a medium satisfac- 


ganisms. peptones, infusions, 


tory for the im vitro cultivation of these organisms 
(Morton et 1951; Edward, 1947; and 
However, reports of examinations of 


al., others). 
the agar 
incorporated into the medium are available. While we 


were encountering difficulties with agar, Liebermeister 


few 


(1954) encountered somewhat similar experiences in 
Germany. The present investigation was prompted by 
the sudden occurrence of severe retardation of growth 
of some strains of PPLO during routine cultivation of 
stock strains on culture medium previously found 
satisfactory. In reviewing the ingredients incorporated 
into the medium in question, it was found that agar 
from a different manufacturer had been used. These 
observations are presented to call attention to the 
unsuitability of some lots of agar as an ingredient in 
culture media to be used for the cultivation of PPLO. 


IXPERIMENTAL MertTHODS 


Growth tests were carried out on solid medium to 
determine if the agar incorporated was the inhibitory 
factor. PPLO medium (Morton et al., 1951) was pre- 
pared and divided into three lots. Difco agar lot number 
0140-01 control 425232, was added to the first lot. In 
the second, BBL agar, lot number 4868, was utilized. 
This was the agar present in the culture medium ini- 
tially found unsatisfactory. BBL agar, lot number 5966, 
was added to the third lot of medium. The final con- 
centration of agar incorporated in all instances was 1.5 
per cent. The pH of the medium was adjusted to 7.8 
before autoclaving. Bacto PPLO serum fraction (Smith 
and Morton, 1951) was added as the supplement im- 
mediately before use in an amount so that the final 
concentration was 1 per cent. Seven strains of PPLO 
isolated from human sources and one strain isolated 
from a calf served as the testing microorganisms. All of 
these strains had been subcultured at 5-day intervals on 
laboratory medium for periods exceeding a year. The 
original inoculations were made from the laboratory 

1 This work was supported in part by a contract (NONR 
551(04)) between the Office of Naval Research and the Uni- 
versity of Pennsylvania. 
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medium which contained the Difco agar. A small block 
of medium approximately 1 cm square showing optimal 
growth was removed, inverted, and streaked once over 
the surface of the test medium. The block was dis- 
carded after the streaking procedure. The plates were 
inverted and incubated at 37 C. Examination of the 
plates with a binocular microscope at a magnification 
of 100 was made at 3-, 5-, and 7-day intervals. 
Subsequent transfers were made from areas showing 
maximum growth on the 5-day-old incubated plates 
according to the procedure described above. Where no 
growth was apparent the initial procedure was _ re- 
peated. Three such transfers were conducted in deter- 
mining whether the test medium would support the 
growth of a specifie strain of PPLO. The size of the 
colonies, number of colonies, and characteristic colony 
morphology, based upon previous observations made 
during the course of routine subculturing, were used as 
criteria of growth. 

The ash of the inhibitory agar was examined to 
determine if an inhibitory factor was present in this 
fraction of the agar. A 15-g portion of the agar which 
showed maximum inhibition, BBL agar lot number 
4868, was ashed in a muffle furnace. The ash was dis- 
solved in mineral acid and made up to 10 ml with dis- 
tilled water. Aliquots of this solution were added ta a 
complete medium previously shown to be satisfactory. 
The pH of the medium was readjusted to pH 7.8 with 
1.0 x NaOH and 1 per cent Bacto PPLO serum fraction 
added. 

An attempt was made to remove the inhibitory 
effect by boiling the complete medium with 2 per cent 
packed horse red blood cells according to the method 
described by Dienes (1939). 

To another lot of the medium, 0.15 per cent soluble 
starch (Merck) was added before autoclaving in an 
attempt to relieve the inhibition. 

Subsequent attempts to remove the inhibition were 
made by extracting the dry agar with 3 volumes of 
ether and methanol. 


RESULTS 
The results of each series of experiments are com- 
piled in table 1. Each series is made up of at least 3 


subtransfers as described in the section on experimental 
methods. 
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Pas.e 1. The inhibitory effect of agar as measured by the relative growth of certain strains of pleuropneumonia-like organisms on 


solid medium 


Basal Medium (Morton ef a/. 1951) Plus 


Campo 07 
Difeo agar lot no. 0140-01 1+t 1+ 
BBL agar lot no. 5966 ...| 44+ 4+ 
|| 4+ 3+ 
BBL agar lot no. 4868 Sie ee 1+ 
a | oe 
Difeo agar lot no. 0140-01 with ash of BBL 
agar lot no. 4868 : 1+ ee 
> 1+ $+ 
BBL agar lot no. 4868 heated with 2 per cent 
packed horse red blood cells 14 1+ 
BBL agar lot no. 4868 with 0.15 percent solu 
ble starch 1+ $+ 
Methanol-ether extracted, BBL agar lot no. 
no. 4868 Si 44+ $4 


* Calf strain. 


Strains of PPLO 


110 Lomax 60 418 SF-29* V-73t 101 1O8t ; 

1+ 44 3+ 4+- 4+ 4+ 44 1+ 
+ + 0 0 2+ 

0 0 0 0 + 

2+4 0 0 0 3+ 

2+ 0 0 0 3+ 4 0 

$+ 7 2+ 2+ 3+ 

$+ 2+ 3+ 2+ 1+ 3+ 2+ 

2+ + 1+ + 0 () 

2+ + 3+ 2+ 0 

2+4 0 0 0 a |) 0 


+ Recent isolates from humans which required blood for initial isolation. 


10, no growth; +, poor growth; 2+, fair growth; 3+, 


Optimal growth was obtained with all strains of 
PPLO in each series with the control medium which 
contained Difco agar. Near-optimal or optimal growth 
was observed with 3 human strains and the 1 calf 
strain on the medium containing BBL agar, lot num- 
ber 5966. Sparse growth was obtained with 2 other 
strains from human sources, whereas 2 human strains 
failed to grow on this medium. Three series of tests 
conducted at various periods during the course of the 
experiment incorporated BBL agar, lot number 4868, 
into the basal medium. As shown in table 1, three 
strains of PPLO from human sources failed to grow in 
any of the test series. Another human strain, 110, 
failed to grow in the first series of tests but showed fair 
to moderate growth in the last two test series. Two 
recently isolated strains from human sources, designated 
as V-73 and 101, which had required hemoglobin for 
initial isolation (Feo et al., 1956), were inhibited by this 
agar. Strain V-73 showed only sparse growth, whereas 
strain 101 failed to grow. 

It was further noted that, with the exception of the 
Campo L strain, very few colonies possessed the “‘fried- 
egg”? appearance usually associated with growth of 
PPLO. On those plates rated poor or fair in the table, 
the colonies were large and vacuolated with uneven 
borders. 

The incorporation of aliquots of the ash obtained 
from lot number 4868 of BBL agar seemed to produce a 
slight inhibitory effect. However, the inhibition ap- 


moderate growth; 4+, good growth; 


, not tested. 


peared somewhat less than that encountered in the 
medium containing agar of lot number 4868. 

There was no appreciable lessening of the inhibitory 
effect by heating the medium with the 2 per cent packed 
horse red blood cells or by adding 0.15 per cent starch 
to the medium. Extracting the agar with ether and 
methanol did not alter the inhibition. 

DISCUSSION 

The above results indicate that certain lots of agar 
are inhibitory for some strains of pleuropneumonia-like 
organisms. It was reported by Gould et al. (1944) that 
growth of certain strains of Neisseria gonorrhocac were 
inhibited by agar or some substance associated with 
agar. In this instance the inhibitory effect could be 
relieved by starch, gastric mucin, or the insoluble 
fraction of whole yeast autolysate. Dienes (1939) found 
that a more satisfactory medium for the L-organisms 
could be attained by adding 2 per cent packed horse 
blood sediment to the medium and heating it just to the 
boiling point. Neither of these procedures 
starch or heating with red blood sediment 
any appreciable effect in this study. 

tecently, Liebermeister (1954) observed that one 


adding 
produced 


type of pulverized agar of a German manufacturing firm 
inhibited significantly the growth of PPLO and Strepto- 
bacillus moniliformis. No differences were apparent in 
the physical properties of the agar gel of the inhibitory 
agar when compared to a suitable one. 

In the present study no procedure was found that 
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would relieve the inhibitory effect of the agar. It 
should be pointed out that the particular strains which 
showed maximal inhibition are those which grow poorly, 
if at all, in liquid medium. Also, three of these strains 
were recent isolates which had shown a requirement for 
blood on initial isolation, 


SUMMARY 


Certain lots of agar provided for bacteriological use 
have been found to be unsatisfactory for the cultivation 
of some strains of pleuropneumonia-like organisms. 

Those strains of pleuropneumonia-like organisms 
which were more fastidious were observed to be the 
most likely to be inhibited by the unsatisfactory lots of 
agar. 

The inhibitory action of certain lots of agar for 
pleuropneumonia-like organisms was not removed to 
any great extent by the addition of starch to the me- 
dium, by heating the medium with 2 per cent packed 
red blood cells, or by extracting the agar with ether 
and methanol. 

Agar becomes another ingredient of bacteriological 
culture medium which should be checked for its growth- 


promoting properties before being marketed as being 
suitable for the cultivation of pleuropneumonia-like 
organisms. 


REFERENCES 


Ditnes,L. 1939 “LL” organisms of Klieneberger and Strepto- 
bacillus moniliformis. J. Infectious Diseases, 65, 24-42. 

Epwarp, D. G. 1947 A selective medium for pleuropneu- 
monia-like organisms. J. Gen. Microbiol., 1, 238-243. 

Fro, L. G., Ferrer, T. R., Peoptes, D. M., anp Morton, 
H. Ie. 1956 The bacteria associated with Trichomonas 
vaginalis in urethritis of the male. J. Urol., 75, 711- 
716. 

Goup, R. G., Kang, L. W., anp Mueuier, J. H. 1944 On 
the growth requirement of Nedsseria gonorrhoeae. J. Bac- 
teriol., 47, 287-292. 

LIEBERMEISTER, K. 1954 Fein Nihrsubstrat zur Zuchtung 
von Organismen der Pleuropneumonia-(PPLO) Gruppe. 
Z. Hyg. Infektionskrankh., 140, 132-141. 

Morton, H. E., Smitu, P. F., ANp LeperMan, P. R. 1951 
Investigation of the cultivation of pleuropneumonia-like 
organisms from man. Am. J. Syphilis, Gonorrhea, and 
Venereal Diseases, 35, 361-369. 

Saitrnu, P. F. anp Morton, H. kk. 1951 The separation and 
characterization of the growth factor in serum and ascitie 
fluid which is required by certain pleuropneumonia-like 
organisms. J. Bacteriol., 61, 395-405. 


New Enrichment and Plating Media for the Isolation of 


Salmonella and Shigella Organisms 


A. A. Hagna AND S. R. DAmMon 


Bureau of Laboratories, Indiana State Board of Health, Indianapolis, Indiana 


teceived for publication July 16, 1956 


Inarecent publication (Hajna, 1955) a new specimen 
preservative, “SP,” devised for use in the collection, 
transportation, and preservation of stool specimens, 
rectal swabs, and sputum for the isolation of sal- 
monellae, shigellae, klebsiellae, and other gram negative 
bacteria, was described. In shipped specimens employ- 
ing this preservative, a comparison with buffered 
glycerol saline showed that more shigellae and salmonel- 
lae were recovered. This recovery was due to suppres- 
sion of gram positive cocci and spore-bearing organisms 
by the sodium desoxycholate included in the formula. 

Using various combinations of the enrichment broths 
and plating media (Hajna, 1955) it was noted that there 
was considerable variation in productivity among the 
tetrathionate broths (Muller, 1923; Kauffman, 1930; 
Schaeffer, 1935; Knox et al., 1942; Ruys, 1934) when 


1 This research was supported in part by USAF funds under 
contract No. AF 18(600) 1251, Monitored by the USAF School 
of Aviation Medicine, Randolph Field, Texas. 


specimens were transferred to the enrichment broth 
from the “SP” transporting fluid. An effort was made 
therefore, to develop a better tetrathionate broth which 
would include the best features of the broths. At the 
same time a new base was introduced by the authors, 
and is herein described. 

The plating media used in the present study were: 
BBL? desoxycholate citrate lactose-sucrose agar, Bacto*® 
MacConkey agar, Bacto SS agar, and Hajna’s modifiea- 
tion of the bismuth sulfite agar of Wilson and Blair. In 
addition, two new media, brom cresol purple-desoxy- 
cholate agar (BCP-D) and brom cresol purple-desoxy- 
cholate citrate lactose sucrose agar (BCP-DCLS), were 
employed. 

The present report is based on the use of the new 
media, but retaining Leifson’s selenite “F’’ broth 
(Leifson, 1936) for comparison with the new “TT” broth. 


2 Baltimore Biological Laboratory, Baltimore, Maryland. 
3 Difeo Laboratories, Inc., Detroit, Michigan. 
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MATERIALS AND Metruops 


Composition and Preparation of Specimen Preservative 
(SP) Solution 


To each 700 ml of distilled water, add diammonium 
phosphate ((NII)2HPO,), 4 g; monopotassium phos- 
phate (IXH.LPO,), 2 g; sodium chloride (NaCl), 5 g; 
magnesium sulfate (MgSO -7H.0), O04 g; sodium 
citrate (NasCgH;0;-2H.0), 5 g; yeast extract, 1 g; 
sodium desoxycholate, 0.5 g. Heat to dissolve the above 
ingredients, then add glycerol, CP, neutral, 300 ml. 

Shake vigorously to mix. Dispense in tubes or in 
wide-mouth screw-capped Jars in convenient amounts. 
Sterilize at 116 C (10 pounds pressure) for 10 min. If in 
a hurry, simply bring the medium toa boil and dispense 
in sterile tubes or jars. 

The concentration of sodium desoxycholate, in com- 
bination with sodium citrate, in the medium is deter- 
mined by the tolerance of gram negative bacteria for 
the bile salt, and the bacteriostatic effect of the salt on 
gram positive bacteria. 

The phosphates employed in the medium serve as a 
buffer, maintaining the proper reaction. The final re- 
action of the medium, without adjustment and after 
autoclaving, will be pH 7.0. 

The yeast extract serves as an antibactericidal agent 
for gram negative organisms, while the glycerol prevents 
the growth of organisms which may upset the “status 
quo” when the specimen is added. 


Tetrathionate (TT) Broth 


This broth is a selective enrichment medium suitable 
for salmonellae and the Arizona group of bacteria only. 
It combines the best features of the media previously 
described by Muller (1923), Kauffmann (1930), 
Schaeffer (1935) and Knox et al. (1942), together with 
a new base broth developed by the authors. 

Yeast extract supplies growth factors and vitamins in 
the medium; bacto-tryptose accelerates fermentation 
of the dextrose and mannitol and decomposition of the 
tetrathionate; and the presence of sodium desoxy- 
cholate and brilliant green inhibits the development of 
coliforms and, to some extent, of Proteus. Desoxycholate 
is, of course, bacteriostatic for gram positive organisms 
present. 

In this formula the concentration of thiosulfate and 
iodine is practically the same as in the Knox medium; 
the sodium desoxycholate takes the place of the bile 
recommended by Kauffmann since bile, as obtained 
from the slaughter houses, varies in its qualitative 
composition and enterococci have been observed to 
grow well in Kauffmann’s medium even in the presence 
of brilliant green. 

Composition and preparation. Dissolve the following 
ingredients with heat in 1000 ml of distilled water in a 


2-L flask: bacto tryptose, 18 g; yeast extract, 2 g; 


’ 


VoL, 4 


sodium chloride, 5 g; d-mannitol, 2.5 g; glucose, 0.5 g: 
sodium desoxycholate, 0.5 g; sodium thiosulfate, 38 g, 
Titrate to pH 7.6 with n/1 NaOH. Then, add: caleium 
carbonate, CP, 25 g; brilliant green (1 per cent 
aqueous solution), | ml. Place in flowing steam at 100 ( 
for 30 min. Do not autoclave. Cool the solution to 45 
to 50C. Add 40 ml of iodine solution prepared as 
follows: to 20 ml of distilled water add 8 g of potassium 
iodide crystals, CP, and dissolve completely before 
adding 5 g of iodine erystals, CP, resublimed. After 
complete solution, add another 20 ml distilled water and 
mix thoroughly. Dispense the completed medium in 
10-ml amounts in 1I8- by 150-mm tubes, being sure to 
shake the broth thoroughly between tubings. Store in 
the refrigerator. For use, add no more than 2 ml of 
inoculum. Shake the tubes well after inoculation and 
incubate at 37 C for 18, 24, or 48 hr before streaking 
plates. 


Brom Cresol Purple-Desoxycholate (BCP-D) Agar 


This is a differential isolation medium for enteric 
pathogens in that members of the Sa/monella-Shigella 
group and other organisms not able to ferment lactose 
and/or sucrose grow in transparent, colorless or bluish 
colonies because of the brom cresol purple indicator, 
whereas coliform and other lactose and/or sucrose 
fermenters produce yellow, opaque or white colonies 
with precipitated bile salt in and around the colonies. 

As coliform organisms are not inhibited, inoculation 
of the plates in such a manner as to avoid overcrowding 
is necessary. Spreading growth of Proteus vulgaris and 
Proteus mirabilis is rarely observed. 

Gram positive organisms are completely suppressed 
due to the content of sodium desoxycholate. 

Shigella sonnet (types I, I, and R) grows on this 
medium even in close proximity to coliforms and, when 
well isolated, the colonies sometimes attain a size of 10 
mm or more in 48 hr. 

Brom cresol purple indicator (Chesney, 1922) takes 
the place of neutral red since it was observed that 
neutral red was somewhat toxic to shigellae, and growth 
of shigellae (when present in minimal numbers) was 
less than on the medium containing brom cresol purple. 

Composition and preparation. To 1000 ml of distilled 
water, add: yeast extract, 2 g; peptone (peptic digested), 
7.5 g; peptone (pancreatic digested), 7.5 g; lactose, 10 
g; sucrose, 10 g; sodium citrate, 2 g; sodium desoxy- 
cholate, 1 g; sodium chloride, 5 g; agar, 25 g. Heat to 
boiling to dissolve the medium completely and boil for 
2 to 3 minutes to effect sterility. Adjust the pH to 7.2 
with N/1 NaOH before adding brom cresol purple (1 
per cent aqueous solution), 2 ml. Cool medium to 60 C 
before pouring into Petri dishes. Allow surface of 
medium to dry prior to streaking plates with the 
inoculum. 
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Brom Cresol Purple Desoxycholate Citrate Lactose 
Sucrose (BCP-DCLS) Agar 


This medium is highly selective and differential for 
salmonellae, the Arizona group, and shigellae. Contain- 
ing lactose, sucrose, and sodium citrate, with brom 
cresol purple indicator, as well as sodium desoxycholate, 
coliform and gram positive organisms are inhibited. 
This permits the use of relatively larger inocula on the 
plates without danger of overgrowth. A few coliform 
strains or Proteus organisms, that ferment sucrose more 
readily than lactose, produce canary-yellow or white 
colonies. In contrast, growth of the gram negative 
pathogens is not inhibited and they appear as bluish 
transparent or translucent colonies. Shigella sonnei 
type I usually grows very well, Shigella sonnei type II 
grows sparsely, and Shigella sonnei “R’”’ fails to grow 
on this plating medium. 

Since this is a highly selective medium, it is suggested 
that a nonselective medium such as “BCP-D” be used 
in conjunction with it. 

Composition and preparation. To 1000 ml of distilled 
water, add: yeast extract, 3 g; beef extract, 3 g; peptone 
(peptic digested), 5g; peptone (pancreatic digested) 5 
g: lactose, 7.5 g; sucrose, 7.5 g; sodium citrate, 10 g; 
sodium chloride, 5 g; sodium thiosulfate, 5 g; sodium 
desoxycholate, 2.5 g; agar, 20 g. Heat to boiling to dis- 
solve the ingredients. Adjust the pH to 7.2 before 
adding: brom cresol purple (1 per cent aqueous solu- 
tion), 2 ml. Sterilize the medium by boiling for 2 to 3 
minutes. Do not sterilize in the autoclave. Cool to 60 C 
and distribute in 20- to 25-ml amounts in Petri dishes. 
Allow medium to solidify with Petri dish covers par- 
tially removed and let stand for 1 to 2 hr to obtain a 
dry surface before inoculation. 


Bismuth Sulfite Agar (Modified) 


In 1951, Hajna published his formula for a modifica- 
tion of Wilson and Blair bismuth sulfite agar (Hajna, 
1951b). One of the critical items in this medium was 
bismuth citrate; of late this compound has become un- 
available and an effort to find a substitute has been 
necessary. As a result, a new formula for the medium 
has been developed in which bismuth ammonium citrate 
and ferric ammonium citrate take the place of bismuth 
citrate and ferrous sulfate, respectively, and result in a 
solution that is stable indefinitely. 

Composition and preparation. (a) Agar base: distilled 
water, 1000 ml; agar, 25 g; beef extract, 5 g; BBL 
thiotone or Bacto thiopeptone, 10 g; glucose, 5 g; NaCl, 
5 g. Dissolve these ingredients by heating in streaming 
steam (100 C). 

(b) Bismuth sulfite stock solution: This stock solu- 
tion is made up as follows: (1) Prepare a 20 per cent 
aqueous solution of ‘anhydrous sodium sulfite by dis- 
solving 200 g of anhydrous sodium sulfite (Eastman 
Kodak) in 1000 ml of distilled water in a 3-L flask. 


Solution is facilitated by warming and agitation. (2) 
Prepare a 10 per cent aqueous solution of bismuth 
ammonium citrate by dissolving 50 g of bismuth am- 
monium citrate (Kimer and Amend) in 500 ml of dis- 
tilled water in a 1-L flask. If solution does not occur 
promptly and completely, add 1.0 ml of strong ammonia 
and shake vigorously. Let stand until the solution be- 
comes clear. The addition of several ml of ammonia 
may be necessary. Add this solution to the flask of 
sodium sulfite. (3) Add 100 g of anhydrous dibasic 
sodium phosphate to the solution of sodium sulfite and 
agitate the flask until solution is complete. (4) Prepare 
a 10 per cent aqueous solution of ferric ammonium 
citrate by adding 10 g of ferric ammonium citrate 
(brown scales) to 100 ml of distilled water in a beaker 
and agitating until dissolved. Add this entire solution 
to the flask of sodium sulfite. (5) Heat the combined 
solutions of sodium sulfite, bismuth ammonium citrate, 
dibasic sodium phosphate, and ferric ammonium citrate 
to the boiling point for 2 to 3 min. This stock solution 
will be stable indefinitely if the flask is rubber stoppered 
and kept in the dark at room temperature. Do not store 
in the refrigerator. 

(c) Completed medium: To 1000 ml of hot melted 
agar base add 70 ml of bismuth sulfite stock solution. 
Shake thoroughly and add 4.0 ml of a 1 per cent aqueous 
solution of brilliant green (certified) and = mix 
thoroughly. Cool to 50 to 60 C before pouring into 
plates (about 20 ml per plate), flame the surface of the 
agar to remove bubbles, rotate a few times, then let 
solidify and store in the refrigerator. The plates will be 
usable for 2 to 3 weeks. 


EXPERIMENTAL 


A total of 3,376 stool specimens were examined. 
They were received in jars containing the specimen 
preservative SP, and in most instances plates were 
streaked directly from this suspension. Occasionally, 
however, it was necessary to transfer a portion of the 
specimen to another bottle for emulsification with the 
SP before plates could be inoculated. 

The sources of the specimens were diagnostic cases, 
release cases, carriers, and routine checks of food- 
handling employees. 

In streaking the plates, BCP-D agar was inoculated 
lightly and the BCP-DCLS agar and bismuth sulfite 
agar were inoculated heavily. 

After direct inoculation of the plates, 1 to 2 ml of 
the emulsified specimen was transferred from the SP 
to the Selenite F and tetrathionate (TT) enrichment 
broths for incubation at 37 C overnight. At this point, 
it should be stressed that, after incubation and before 
plates were streaked, all enrichment tubes were well 
shaken to obtain a uniform distribution of the bac- 
terial growth. All plates were incubated overnight at 
37 C; after which they were examined and suspected 








bed A. A. 


Tanne L. Comparative recoveries from 3,376 specimens by 
direct plating from specimens as received and 


afler enrichment 


Plating 
Plating after Plating 
Plating Me lium Direct Selenite after Tl 
from SP Enrichment 


Enrichment 


Brom ecresol purple desoxyeho 
lnte agar (BCP 1D) 


Salmonellae 7 201 226) 
Shigellae 14 0) 0 
Arizona 7 7 7 
2) 20S 233 
Brom cresol purple desoxyveho 
late citrate lactose sucrose 
agar (BCP DCLS) 
Salmonellac 161 2OS 389 
Shigellae 122 10 3 
\rizona 7 7 7 
200 315 Boo 
Bismuth sulfite agar* 
Salmonellae 161 322 70 
Shigellae () 0) 0) 
\rizona 7 7 7 
16S 329 7 


* Medium not suitable for strains of shigellae. 


colonies picked. However, if no black colonies were 
seen on the bismuth sulfite agar plates, these were 
incubated 24 hr longer. 

From the plates, suspected colonies were transferred 
to differential test media (Hajna, 195la) for the de- 
termination of their biochemical reactions and appropri- 
ate serologic tests. 

Resuurs 

The results of plating directly trom the 3,376 speci- 
mens as received in SP broth and after enrichment in 
Selenite F and tetrathionate (TT) broths are presented 
in table 1 and the types of enteric organisms. re- 
covered are shown in table 2. In a few instances sal- 
monellae were recovered only from the direct: plating 
and not from either of the enrichment broths. In 248 
cases, salmonellae were recovered from both Selenite F 
and TT; in 52 cases they were recovered from Selenite F 
only and in 96 instances from TT only. This experience, 
then, would seem to indicate the necessity for using 
both Selenite F and TT for enrichment of specimens 
if the maximum number of recoveries is to be obtained. 
Furthermore, it should be noted that BCP-D plates 
are of relatively less value because of frequent over- 
growth by Proteus organisms. On the other hand, more 
isolations of shigellae were made from BCP-D though 
an almost equal number came from BCP-DCLS plates. 
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Tanue 2. The species distribution of isolations from 


3 376 specimens cramined for enteric pathogen 
/ / 


No 

Salmonella croup 
\. Salmonella paratyphi 9 
B. Salmonella paratyphi WB 2 
B. Salmonella sp. (Pype Java) ) 
B. Salmonella typhimurium 68 
B. Salmonella sp. (Type Derby) 30 
B. Salmonella sp. (Type Schwartzengrund) 3 
B. Salmonella sp. (Type Saint Paul) 17 
B. Salmonella sp. (Type Bredeney ) 7 
B. Salmonella sp. (Type San Diego) 2 
C). Salmonella sp (Type Montevideo) a] 
C,. Salmonella sp. (Type Bareilly) | 
C,. Salmonella sp. (Type Tennessee 16 
Cy. Salmonella choleraesuis var. Kunzendorf 3 
(,. Salmonella sp. (Type Oranienburg 15 
C.. Salmonella sp. (Type Muenchen) 9 
C.. Salmonella sp. (Type Newport) IS 
Dd. Salmonella typhosa 209 
1). Salmonella sp. (Type Panama) S 
1). Salmonella sp. (Type Java) 3 
I). Salmonella enteritidis ) 
Ic,. Salmonella anatis (S. anatum if) 
I},. Salmonella sp. (Type Give » 
Ik). Salmonella sp. (Type London) | 
Iho. Salmonella sp. (Type Newington 6 
Ik.. Salmonella sp. (Type Cambridge | 
Further Salmonella sp. (Type Minnesota) Hf) 
Total DOD 
Arizonn group 7 

Shigella group 

Shigella paradysenteriae (S flerners). 6!) 
Shigella sonnei 59 
Shigella sp. (Type Boyd) - | 
Wkalescens-Dispar group Od 
Total 163 
Grand total 675 


SUMMARY 


The formulae for a new tetrathionate enrichment 
broth (TT); a new differential plating medium, brom 
cresol purple-desoxycholate agar (BCP-D), for isola- 
tion of enteric pathogens; and a new highly selective 
and differential plating medium, brom cresol purple- 
desoxycholate citrate lactose sucrose (BCP-DCLS), 
have been presented. Also, a formula for a new and 
more stable bismuth sulfite plating medium containing 
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bismuth ammonium citrate and ferrie ammonium 
citrate in place of bismuth citrate and ferrous sulfate, 
respectively, has been given. 

The use of both enrichment broths (Selenite F and 
TT) is necessary if the maximum number of recoveries 


of enteric pathogens is to be obtained. 
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Commercially Dressed Poultry’ 
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In recent years there has been a rapid expansion in 
the commercial processing of eviscerated, ready-to-cook 
poultry. As with any food product, the sanitation under 
which these birds are produced is of major concern. 
Products that are excessively contaminated are un- 
desirable from several points of view, namely, public 
health aspects, storage quality, and general esthetic 
principles. 

The processing line seems to be an important avenue 
for disseminating microorganisms. Ayres et al. (1950) 
and Drewniak ef a/. (1954) have suggested that the 
flora that develop on the bird derive largely from the 
feet, feathers, feces, and skin. The number of organisms 
that oceur on the bird’s skin surface would indicate 
the extent of contamination from these sources, 

Little published information is available as to the 
usual loads of organisms encountered in commercial 
processing plants. Drewniak et al. (1954) selected a 

! Journal Paper No. J-2994 of the lowa Agricultural Experi- 
ment Station, Ames Iowa. Project No. 1262. 

?This investigation was supported in part by research 
grant RG-4280 from the National Institutes of Health, Public 
Health Service. 
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State College, Ames, Towa 


July 19, 1956 
plant which appeared to follow the sanitation practices 
most commonly used in commercial plants to determine 
the effect of various sanitizing procedures. They re- 
ported a count of 380,000 organisms per cm? after a 
bird had gone through the rough picker and a count of 
17,000 per cm? as it came from the eviscerating line. 
These workers concluded that dressing, eviscerating, 
and cutting operations as practiced in most plants can 
be expected to lower the bacterial count. 
(1954) bacteriological 
survey of typical, approved commercial poultry dressing 
and evisceration procedures as practiced in their area. 
The major interest in this work involved the changes 
taking place after the birds reached the eviscerating 
line. Average counts of 49,000 per cm* were reported 
for birds as they were placed on the eviscerating line, 
and 38,000 per cm? after evisceration. They recom- 
mended that processors avoid storage of several car- 
casses in the same receptacle, and that evisceration 
should be accomplished as soon after killing as possible 
in order to maintain low bacterial loads. 

Gunderson et al. was interested in types of organisms 
present that might be of public health significance. 


Gunderson et al. made a 
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Members of the genus Salmonella were isolated from 
the viscera, or from equipment directly or indirectly 
contaminated by viscera or intestinal contents; however 
difficulty was encountered in isolating salmonellae 
from the skin surfaces. Also, they reported the isolation 
of staphylococci and beta-hemolytic streptococci. 

The purpose of this study has been to determine 
the types and loads of organisms encountered on 
poultry during dressing and eviscerating since it. is 
during these operations that the organisms prevalent 
on the final product may be introduced and dissemi- 
nated. In addition, an attempt has been made to study 
the role, if any, that these organisms have in the spoilage 
of poultry stored at low temperatures. 


IXPERIMENTAL METHODS 


Samples were taken from the production lines of 
six different processing plants. The surfaces of the 
birds were sampled by the swab technique. Absorbent, 
wet cotton swabs were firmly rolled over 2 cm’ of 
surface delineated by sterile metal guides (figure 1). 
This method lent itself well to taking samples on the 
processing line. Samples of the cavity of the bird were 
also taken by a modification of this method. Thin-wall 
metal tubing of known cross-sectional area was inserted 
into the cavity to guide the swab and to prevent con- 
tact with areas other than those from which the sample 
was to be obtained (figure 2). One-ml samples of scald 
and chill tank water were taken. Peptone water blanks 
(peptone, 0.1 per cent; and NaCl 0.5 per cent) were 
used to maintain the samples until they were plated. 

Various media were used to obtain an indication of 
the numbers and types of organisms present. Total 





Fic. 1. Aluminum metal disk and swab used for determining 
numbers of organisms on surface of birds on processing line. 
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Fig. 2. Swab stick holder, swab stick, and thin-wall metal 
tubing for sampling bird’s visceral cavity while on processing 
line. 


counts of organisms were determined on nutrient agar 
incubated at 15 C. Experiments showed that this 
temperature gave maximum numbers of colonies. The 
plates were counted within 3 to 4 days. Malt agar, 
acidified to pH 4.5 and incubated at 30 C, was the 
medium on which yeast counts were made. Staphylo- 
coccus medium No. 110 incubated at 37 C was used 
to detect the presence of microcoeci. An estimate of the 
number of coliforms present was determined by the 
most probable numbers technique as described in the 
Standard Methods for the. Examination of Dairy Products 
(APHA, 1948). 

For the detection of salmonellae, selenite F enrich- 
ment broth was incubated for 16 to 18 hr at 37 C. The 
enrichment broth was streaked on brilliant green agar 
and bismuth sulfite agar. All colonies that showed 
positive tests for Salmonella on these agars were further 
characterized by inoculation into lactose broth and by 
agglutination with polyvalent antisera. 

In addition to the birds on the processing line, birds 
stored at 4.4 + 2 C were sampled using the methods 
described above. These birds were stored in evacuated 
polyethylene bags and sampled every other day for a 
period of approximately 2 weeks. 

The various stations at which samples were taken on 
the processing line were as follows: (1) the live bird, 
(2) the scald tank water, (3) after the rough picker, 
(4) after the neck picker, (5) after pinning, (6) after 
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Fie. 3. Schematic diagram of poultry processing plant showing stations at which samplings were taken 


singeing, (7) the cavity of the bird, (8) after eviscera- 
tion, (9) the bird as it was placed in the chill tank, 
(10) the fresh chill tank water, (11) the aerated chill 
tank water and (12) the final product after chilling. 
These stations are shown in figure 3. 

ResULTS AND Discusston 

A logarithmic plot of the number of organisms 
found at the various stages of processing is shown in 
figure 4. Since medians give a less biased estimate 
than average values, the points shown are medians. 
The points represent a minimum of 30 samples taken 
at each station; as many as 40 samples were taken of 
the scald tank and chill tank waters. The skin of the 
live bird was found to have a count of about 1500 
organisms per em*, whereas the final product had a 
count of approximately 35,000 per cm? of skin surface. 
In general, there was a tendency for the counts to 
increase during the processing operation. 

This general increase in numbers of organisms during 
processing is somewhat at variance with the results 
reported by Gunderson et al. (1954) and Drewniak et al. 
(1954). This difference might be attributed to a differ- 
ence in sanitary conditions of the plants in their trials 
as compared with those plants in the present study. 

Since the water samples are expressed in numbers 
per ml, they are shown separately by the broken line. 





Counts of 8200 organisms per ml were encountered in 
the scald tank water and more than 200,000 per ml in 
the chill tank waters. The low counts obtained in the 
scald tank water can probably be attributed to the 
low counts found on the live birds, and possibly the 
temperature of the scald tank had some bactericidal 
effect. The temperature range of the scald tanks was 
137 to 140 F (58.3 to 60 C). However, by the time the 
birds have reached the chill tank they have received 
much handling, and possibly have been contaminated 
with organisms from the feet, feathers, feces and viscera. 

The organisms distributed from these sources would 
cause high numbers in the chill water. 

Variations occurred in the counts from the six plants. 
Table 1 shows the variations observed. The counts are 
shown as the highest, lowest, and usual range. The 
usual range was chosen arbitrarily as that wherein all 
counts were included except for the lowest 10 per cent 
and the highest 10 per cent; that is, 80 per cent of the 
samplings. Total counts on the final product ranged 
from 4000 per cm? of skin surface in one plant to 330,000 
per cm? in another. 

Total bacterial and coliform populations were deter- 
mined for the cavity of birds immedi:tely after eviscera- 
tion. Table 2 gives a comparison of these counts with 
counts found on the outside surfaces of birds being 
processed at the same time. In general, samplings of 
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Fic. 4. Median populations recovered from the skin of 
chickens at various stages of processing or from the seald and 
chill waters. 


TABLE 1. Numbers of viable organisms recovered from skin sur- 


faces of birds or from scald or chill waters 


Number of Organisms (X105)* 


Sample 
Lowest Usual Highest 
range 

Live bird 0.5 0.6-8.1 j4 
After rough pick 2.4 &.1-45 130 
After neck pick 2.6 3.3-32 aE 
After pinning 3.7 10-84 90) 
After singe 5.2 13-210 230 
After evisceration 8.2 11-93 140 
In chill tank 2.9 50-600 760 
After aeration 0.7 >.4-240 S90 
Seald water 1.2 5.9-17 22 
Chill water (fresh) 13 50-210 1300 


Chill water (aerated). . haynes 20 34-240 = 1500 

* Number of organisms per em? on skin as determined by 
swab method; number per ml in water as determined by dilu- 
tion procedure. 


bacterial populations in the visceral cavity revealed 
that the loads recovered were lower than those ob- 
tained from the skin. Unusually high counts for the 
visceral cavity were obtained from one plant. On this 
processing line, the crop removal involved flushing the 
incision with water. Apparently, blood and other 
debris were washed into the cavity and resulted in 
high counts. The number of coliforms found in the 
cavity tended to be higher than the number found on 
the outer surface. The coliform counts on the outer 
surface ranged from zero to 350 per cm’. These 
counts are in fair agreement with those reported by 
Gunderson et al. (1954) for birds that have undergone 
evisceration. 

Since salmonellae are frequently associated with 
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poultry and poultry products, attempts were made to 
isolate any that might be present. Although both the 
outer skin and cavity surfaces were examined for 
Salmonella, none were successfully isolated. Gunderson 
et al. (1954) indicated that the source of Salmonella 
was the viscera and intestinal contents. Thus, it might 
be reasonable to assume that any salmonellae appearing 
on the skin of the birds would be the result of handling 
or of washing the organisms onto the surface. However, 
with the development and use of more effective means 
of isolation, it may become apparent that they are more 
prevalent than this study has indicated. 

Figure 5 depicts the increase in growth of the organ- 
isms during storage at 4.4 C in polyethylene bags. 
Median points rather than average values are shown for 
0, 1, 2, 4, 6, 8, 10, and 13 days of storage. The vertical 
lines indicate the limits within which the counts fell, 
A typical growth curve was obtained with a lag in 
growth for about the first 2 days, followed by logarithmic 
development and negative growth acceleration. The 


TABLE 2. Number of viable organisms recovered from the visceral 
cavity of birds while on the processing line. Total number of 
organisms and of coliforms per cm? as determined by the swab 
method, 


Number of Organisms (10% 


Cavity a 
Lowest Usual range Highest 
Cavity 
Total count 0.3 1.4-12 4-93 
Coliform (MPN) 0) 0.02-2.4 >2.4 
Outer surface 
Total count 3.4 4.0-93 103 
Coliforms 0 0-0.35 0.35 
* Pp 


fesults from one plant. 
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DAYS OF STORAGE 
Fic. 5. Relation of viable bacterial population, off-odor, and 
slime to storage time of dressed chicken stored at 4.4 C. 
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Fic. 6. Effeet of storage at 4.4 C on organisms associated 


with dressed poults 


arrows indicate the time that undesirable odors and 
slime occurred. Undesirable odors were detected prior 
to slime development; both were generally evident 
within 6 days 

Under the conditions of storage, one would expect 
requirements to be more favorable for some organisms 
than for others. Figure 6 gives a breakdown by per 
cent of the types of organisms present at various stages 
of storage. Chromogens made up as much as 25 per 
cent of the initial population. These consisted mainly 
of organisms with characteristics of Flavobacterium; 
occasionally micrococci were found. After 4 to 5 days, 
there was a decrease in numbers of these organisms, 
and by the end of the storage period they were seldom 
recovered. 

As was indicated previously, the coliforms made up a 
very small proportion of the initial population and 
tended to decrease during storage. 

Yeasts occurred at levels of about 1000 per cm’, 
and increased to levels of approximately 100,000 per 
cm? after storage for 2 weeks. No sporulation of these 
yeasts was found on malt agar, V-8 juice agar, Gorod- 
kowa’s agar, and Czapek’s agar. On simple carbohy- 
drate media no production of acid was noted, although 
growth did occur. Some of these yeasts had red pigment 
and were identified tentatively as Rhodotorula; the 


others were nonpigmented and had biochemical char- 
acteristics similar to those of Cryptococcus (Torulopsis). 
These yeasts have not been sufficiently characterized 
to definitely classify them as to species. 

The majority of the organisms present had char- 
acteristics of organisms identifiable as Pseudomonas or 
Achromobacter. They grew well at 4.4 C and outgrew 
the other organisms less favored by this temperature. 
At the time that off-odor and slime appeared, these 
organisms constituted almost the entire population. 
Ayres et al. (1950) reported also that organisms of the 
Pseudomonas-Achromobacter group were responsible for 
off-odor and slime on eviscerated, cut-up poultry. 

Since the predominant organisms are usually found 
in soil and water, it would be logical to assume that 
the main sources of the contaminants are the soil and 
filth on the feet and feathers, and the fecal material 
and the intestinal contents of the birds. The skin of 
the bird might be a contributing factor, but the results 
obtained in this study seem to eliminate it as a major 
source of contamination. Thus, it appears that washing 
and handling of the birds acts to disperse the organisms 
carried into the processing plant on the birds. Any 
practice that reduces the contribution from any of these 
sources would result in a reduced number of organisms 
on the final product. 


SUMMARY 


An increase in the numbers of organisms present on 
the surface of birds during processing occurred which 
can be attributed to the distribution by washing and 
handling of organisms occurring on the feet and feathers, 
and in the feces and intestinal contents. Ordinarily, 
the load ranged between 20,000 to 160,000 per cm? 
with a median of 32,000 per cm’. 

Storage of poultry at 4.4 C in polyethylene bags 
generally resulted in spoilage in from 4 to 6 days and 
was associated with organisms with characteristics of 
the Pseudomonas-Achromobacter group. The other 
organisms present could not compete well at this 
temperature and the Pseudomonas-Achromobacter group 
constituted almost the entire population at the end of 


storage. 
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The preservation of microbial species under paraffin 
oil is an established practice in many laboratories; 
however, few published accounts of the success with 
the method have appeared. The technique, described 
originally by Lumiére and Chevrotier in 1914 when 
they studied gonococci, has been modified somewhat 
through the years but is now recognized as effective 
for the preservation of most strains of yeasts, bacteria, 
Fungi Imperfecti and certain strains of algae and 
Basidomycetes. Currently, at least three viewpoints 
exist as to the application of the method: 1) those 
who prefer it because no expensive apparatus is required 
and the culture is always readily available; 2) those 
who, through a very brief acquaintance with it, 
happen to have noted culture variation and thus have 
condemned the procedure rather than recognize natural 
biological variation; 3) those who consider the pro- 
cedure superior to, or as advantageous as, lyophilization 
(Annear, 1956). 

In the procedure, the established growth of the 
culture, as a giant colony on a stab or as a slant, is 
layered with sterile, neutral, white paraffin oil of the 
type often used for medicinal purposes. The storage 
conditions are then arbitrarily selected from those 
available. Some investigators have had success with 
cultures at 4 to 6 C in the refrigerator; others have 
kept them at the variable temperatures of an office or 
laboratory. Morton and Pulaski (1937) made a con- 
trolled study of this factor and reached the conclusion 
that ‘“‘No single temperature is optimum for storage 
of all bacteria. Room temperature appears to be opti- 
mum in the majority of cases, the exceptions being 
certain of the Neisseria, Hemophilus and Streptococcus 
groups.” 

These authors summarized the literature to 1938 
concerning the maintenance of cultures, and contrasted 
the paraffin-oil method to that of sealing the tube of 
the actively growing culture (Soyka, 1887) or that of 
rapid desiccation of the culture (Swift, 1937). The 


1 Presented in the Symposium on the Maintenance of Cul- 
tures of Microorganisms at the 55th general meeting of the 
Society of American Bacteriologists held at New York City, 
New York, May 8-12, 1955, and Bac 
teriological Reviews, 19, 1955. 


later abstracted in 


350 


marked advantages of the adapted method of Lumitre 
and Chevrotier were recognized by Morton and Pulaski, 
Ajello et al. (1951), Schulze (1951), and Hartsell (1953) 
reaffirmed that the method is simple, convenient, 
economical, and effective with very diverse microbic 
groups. The distinct advantage of maintaining the 
culture for many months or years, with or without an 
occasional intervening transfer, has been repeatedly 
emphasized, provided the method has been used cor- 
rectly. 

In his book Petroleum Microbiology, Beerstecher 
(1954) very ably presented the literature on the relation 
of microorganisms to the oil industry. Davis and 
Updegraff (1954), Haas (1942), and Hessel (1924) 
likewise emphasized their importance. That micro- 
organisms are significant in the exploration, the pro- 
duction, and the manufacturing processes of oil is 
evident. That they may be responsible for various 
types of deterioration and color changes in it is also 
evident. However, the longevity of cultures and the 
maintenance of their characteristics under paraffin 
oil is the subject matter of this report. 


RESULTS 

Longevity. In 1953, Hartsell recorded the longevity 
of 456 strains of 102 species of bacteria from 25 genera. 
Some strains were dead after a few weeks—for example, 
M ycobacteria—whereas others were still alive 11 years 
later. Certain of these strains are still viable. In table 1 
we note that our strain of Escherichia coli continues to 
maintain itself after 14 years without intervening 
transfer. Sears (1946) had similar success with this 
species with only a paraffin seal above the cotton- 
stoppered slant. Species of the Achromobacter genus 
appear to be almost as persistent. The fact that 9 
genera of bacteria, mostly saprophytes, are still viable 
after 8 to 14 years without transfer attests to the 
applicability of the method. Only a very few strains 
showed variation in any cultural characteristics. 

Very few references were found in the literature 
wherein yeasts had been maintained under paraffin 
oil. Ajello et al. (1951) and Schulze (1951) observed that 
both pathogenic and nonpathogenic strains survived 
for varying periods of time. About 2 years, the period 
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TasLe |]. Bacteria preserved under paraffin oil marimum time of 


Suri val 


Supplement to table 2; Hartsell, 1953 Appl. Microbiol., 


1, p. 38) 
Culture Years Months 

Achromobacte r butyri s ] 
{chromobacter candicans 613 (A)* 8 | 
{chromobacter connii 12 10 
Ach romobacter cystinovorum FF 13 5 
Achromobacte dendriticum 12 ] 
Achromobacter pestifes 1] ] 
Achromobac ter ubiquitum 12 ] 
Alcaligenes faecalis (1. 13 fs 
Escherichia coli (L. 14 ] 
Flavobactertum diffu um (A 12 ] 
Micrococcus epide rmidi: # 13 7 
Vir rococeus pe rflar “ A ] ] ] 
Pseudomonas fluorescens 12 6 
Pseudomonas fragi ]2 6 
Salmonella typhimurium (aertrycke 1] s 
Salmonella pullorum (A L 12 7 
Sarcina flava 12 3 
Vibrio comma (A) (I 9 D 


* Letters in parentheses refer to the ‘“‘aequisition’’ (A) or 


“loss”? (LL) of a characteristic. See also table 6 


TABLE 2. Vaintenance of yeasts* 


Courtesy of P. A. Tetrault, Purdue Universit, 





vr 
Hansenula anomola vat produc tiva | Beijerinck 7 
Hanse 7] ula anomotda vat Ss phae I i¢ a \ Nigeli Y 
Hansenula ciferrt (Lodde 7 
Hansenula javanica (Groenewege ) 7 
Hansenula schneqqit Weber 7 
Pichia belagica Lindner 7 
Sacc harom yuces alb is ] j 
Saccharomyces capsularis 14 
Sace harom yuces ca lshergensis Hansen 14 
Saccharomyces sp. (5 strains 3 
Saccharomyces cerevisiae (Chodat r 
Saccharomyces ce Side Hansen 14 
Saccharomyces cervisiae (Johanisberg 12 


Saccharomyces cere Side logos 


Saccharomyces cerevisiae (Tournier 


Saccharomyces cerevisiae var. turbidans (Hansen 12 
Saccharomyces ¢ llipsoide us crammant 

Saccharomyces ellipsoideus fulliensis var. typica 
Saccharomyces ellipsoideus montibensis 


Saccharomuce: soideus tokay 


%, 
- 

rae a ae 

a ve ee oe oe 


Saccharomyces exiguus (Rees Hansen 


Saccha romyces glutinis 14 
Saccharomyces ilicis (Gronlund 12 
Saccharomyces luciae (Zender 12 
Saccharomyces thermantitonum 12 
Willia anomola 13 
Zyqosaccharomyces priorianus 14 


* Medium: For storage, veast-water agar with 1 per cent 
glucose. For subculture, same—except yeast extract was sub- 
stituted for veast water 


TABLE 3. Vaintenance of yeasts and algae* 
(Courtesy of L. R. Hedrick, Illinois Institute of Technology, 
Chicago) 


Survival 
Culture Strains Time to 
Date in 
yr 
‘andida catenulata 1 5 
‘andida quilliermondii ] 5 
‘andida humicola ] 5 
‘andida intermedia 3 5 
‘andida kruset 3 
‘andida krusoides 3 
‘andida monosa ] 
] 


( 

( 

( 

( 

( 

( 

( 

Candida parapsilosis 
Candida pulcherrima 
Candida reukaufit 
Candida rugosa 
Candida sp. 

Candida tropicalis 
Candida zeylanoides 
I 

Prototheca zopfii (colorless alga 
Rhodotorula pilimaniae 
Rhodotorula sp. 


Torolopsis holmsit 


Or or Orv Gt Ot Or Gt Or Gr Gr Ot Ot Or Sr or 


l 
] 
] 
] 
] 
Sndomycopsis bispora (Hansenula becki ] 
] 
] 
J 
] 


* Medium: malt extract, 3g; yeast extract, 3 g; peptone, 5 
g; glucose, 5 g; and agar, 5 g per L. Storage at room tempera- 
ture, 


of experimentation, was the maximum for the most 
viable strains. This is in agreement with the experience 
of Wickerham (personal communication) with a large 
collection of industrially important cultures. 

However, the recent data of Tetrault (table 2) and 
of Hedrick (table 3) shows that the survival time for 
many strains of yeasts may be appreciably longer than 
2 vears. The cultures listed in table 2 remained viable 
under unusual conditions, therefore, the longevity of 
some strains for 14 vears was unexpected. They were 
adjacent to a window in an office wherein wide fluctua- 
tions of temperature and light prevailed. Hot summers 
and cool winters for the 14-year period were the chal- 
lenge to the culture and to the method. Actually, 27 
strains were all that remained viable from a collection 
of 52. A percentage loss of 51.9 did not seem excessive 
under these conditions of maintenance. Many of the 
chromogenic strains of yeasts (pink, coral) retained this 
characteristic for the 7-year period of storage. 

Other strains in this collection were of interest. 
Aerobacter aerogenes remained viable for 13 but not 14 
years. Oospora lactis thrived for 14 years in its giant 
colony under the oil, eventually producing a mat of 
growth along the sides of the tube in the oil layer. 
Molds often do so in such an environment. 

A survival period of 5 years for the vigorous and the 
fastidious cultures of veasts studied by Hedrick (table 
3) again emphasizes the utility of the method. The 
inclusion of a colorless alga, Prototheca zopfit, is of par- 
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ticular interest. These cultures were also maintained 
under the temperature extremes of a laboratory. Of 24 
strains of Rhodotorula preserved for 4 years in the 


refrigerator, Hedrick found only the following to be 


TABLE 4. Maintenance of Cultures 
(Courtesy of J. M. MeGuire, [eli Lilly and Company, 
Indianapolis) 


Organism Medium on tl Viability 
( 
Trpex mollis Malt extract 5-10 6 yr4 mo. Viable 
(Difco) 
Polyporus bi- Malt extract 5-10 6 vr 4 mo. Viable 
formis (Difco) 
Claviceps pur- | Glucose-peptone- 5-10 7 yr Viable 
purea salts 
Claviceps pur- Glueose-peptone- 5-10 1 yr imo Viable 
purea salts 
Claviceps ziza- Glucose-peptone- 5-10 1 vr 6mo_ Viable 
niae salts 
Claviceps pas- Glucose-peptone- 5-10 1 yr6mo— Dead 
pale salts 
Trichoderma Starch-aspara 5-10 \7 yr Dead 
viride gine-beef ex 
tract 
Aspergillus Starch-aspara- 5-10 7 v1 Dead 
flavus gine-beef ex- 
tract 
Streptomyces Starch-aspara- 5-10 7 vr Viable 
griseus* gine-beef ex- 
tract 
Streptomyces Starch-aspara- 5-10 6 yr Viable 


griseust gine-hbeef ex- 


tract 


* Waksman, grisein-producing strain. 
+ Streptomycin strain, Lilly C-131.2. 


TABLE 


Organism Strain No. Glucose 


Achromobacter butyri iN A 
Achromobacter butyri 1111) A 
Achromobacter connii 778 Sl.a 
Achromobacter connii (candicans) 782 Sl.ia 
Achromobacter dendriticum R10 A 
Achromobacter gutatum 5N A 
Achromobacter gutatum 12W A 
Achromobacter litorale 76W A 
Achromobacter litorale 43D A 
Achromobacter litorale 5R A 
Achromobacter pestifer 20W - 
Achromobacter pestifer 140) ~ 
Achromobacter ubiquitum Rld A 
Pseudomonas fluorescens 23 A 
Pseudomonas fragii Ha. A 
Salmonella typhimurium aertrycke 1434 AG 
Salmonella typhimurium aertrycke 1440 AG 
Salmonella sp. Type Oranienberg 1443 AG 
Salmonella sp. Type Oranienberg 1467 AG 
Sarcina flava 54 A 


A = acid; G = gas; NC = 


5. Maintenance of 


no change; Alk = alkaline; Sha 


Lactose 


\VOL. 4 


viable: 2. glutinis, R. glutinis var. rubescens, R. mucilagi- 
nosa var. carbonet, R. mucilaginosa var. sanguinea, R. 
pallida, and R. sanniet. 

McGuire (table 4) observed that strains of Basidomy. 
cetes and fungi could survive in the refrigerator (5 to 
10 C) while under paraffin oil. Six or 7 years for the 
retention of viability would appear to be most practical, 
From other personal communications, industrial and 
government laboratories have similar information. 

Maintenance of characteristics. Commercial interest in 
the retention of economically important biochemical re- 
actions, as well as the longevity of the culture, often 
requires classification of such information “Te. 
stricted.” In recent correspondence with other in- 
vestigators, reference is made frequently to cultures 
maintaining “certain antibiotic-producing properties” 
or “fermentative characteristics.”’ Schulze (1951) states 
that the beer produced from yeasts which had_ re- 
mained 2!5 years under oil was quite like that from 
normal cultures. Hartsell (1953) found that only 16 of 
96 strains of bacteria manifested any change in fermen- 


as 


tative characteristics after 3 to 4 years as giant colonies 
under paraffin oil. Both the “loss” and/or the ‘‘acquisi- 
tion” of a characteristic was observed. Some variation 
is to be expected irrespective of the method of preserva- 
tion; however, the data relative to this point are often 
omitted in published accounts of lyophilization. 

In table 5 we note that 12 strains from 4 
maintained 


genera 
the 7 common differential reactions un- 
changed for storage periods longer than 8 years, but 
13 strains from 7 genera were affected by the storage 
conditions (table 6). Both carbohydrate and nitrogenous 


transformations were altered. The “gain”’ or ‘“acquisi- 


characteristics without change 


NO2 


patanee RR Litmus Milk ceetiied Production under Ol 
— NC ~ = S/1 
= _ NC = —_ 
~ - SL. alk — ~ 12/10 
~ Sl. alk — _ 

A — NC + + 12/1 
-- - NC + l 
~ ~ NC 4+ ~ 
- - NC + — 8/1 
— - NC + = 
= = NC A. _ 
- .- NC ~ + 11/1 
- ~ NC ~ as 
A — A coagulated as 12/1 
A — Alk — + 12/6 
~ _ Alk + a 12/6 
- = Sl.a + + 11/8 
-- Sloa a 4 
- — NC + - 11/s 
~- — NC + + 9/8 
— — Alk — —_ 12/2 


slightly acid. SL alk = slightly alkaline. 
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TaBLe 6. Cultural reactions changed* 


Original reactions were opposite to those recorded below) 


: heels { Yrs, Mo 
Organism : Reactions under 
, Oil 
{chromobacter aqua 
marinus 1051) | Sucrose: no A (loss); S/1 
3Z litmus milk: NC 


(loss 
Achromobacter candi 
cans 6B NO» production (gain) 8/1 
Achromobacter cysti 


novorum (nee Al 


caligenes marshallit). 4845 Indole: not produced = 13/5 
(loss) 
Ae hromobacter lopha 
qum 208 Sucrose: no A (loss); 8/1 
13D NO» production 
(loss) 
Achromobacter super 
ficiale 32W CGilucose: A (gain S/1 
7N 
Alealiqe nes faecalis 59 NOs» not prod. loss ) 13/7 
Escherichia coli 310 Indole: not prod. (loss) 14/1 
Flavobacte rium diffu 
sum 52-5 Sucrose: A (gain) 12/1 
Vicrococcus epidermi 
dis 60 Lactose: no A (loss) 13/7 
Vicrococcus ¢ pide rm 
dis 63 Lactose: no A (loss) 13/7 
Wir rOCOCCUS pe rflar us 21 NH product ion T 11/1 
(gain) 
Salmonetla pullorum } Glucose: AG (gain); 12/7 
HS — (loss) 
Vibrio comma 13 NO». production — 9/5 


(loss); HoS + (gain 
sucrose: no A (loss); 


luctose: A (gain) 


*For each strain, the following reactions remained un- 
changed, other than those cited here; fermentation of glucose, 
sucrose or lactose, indole production, ammonia production, 
changing NO; to NOs, reactions in litmus milk. Above cultures 
are still viable as of January 5, 1955. 

+A = acid; G = gas; NC = no change. 


tion” as well as the “loss” of certain enzymatic func- 
tions was again manifested. The loss of the capacity to 
produce indole by F. coli after 14 years under oil was 
of interest since the other characteristics remained 
stable. The most extreme changes are experienced by 
Vibrio comma. Not only did 4 of the 7 differential tests 
show instability, but bizarre morphologic types were 
seen (filaments, swollen forms) and its oxygen require- 
ment became very limited. On primary transfer, after 
the 9-year storage period, to fresh agar medium of the 
same type as the storage medium, no growth was evi- 
dent. When transferred to the medium as broth and 
then layered with oil, growth occurred and subsequent 
adaptation to agar-slant cultivation was easily accom- 
plished, prior to the determination of the differential 
reactions. 

Others have had difficulty with second and third 


RES UNDER PARAFFIN OLL Sad 


transfers, following subculture from the storage tube, 
thus giving evidence of weak vitality. Possibly subtle 
adaptations of the strain or the requirement of a 
limited oxygen tension have not been fully appreciated. 
A short period of rapid transfer to revitalize the culture 
is indicated if vigorous fermentation is expected of it. 

Another culture was excluded from table 6 because of 
an unusual reaction. .Wiecrococcus pyogenes var. aureus, 
after 8 years, had lost its chromogenesis. This loss has 
persisted, although a replicate transfer has been sub- 
cultured for 5 daily transfers on staphylococcus medium 
*110 and the property partially restored. Schulze 
(1951) makes the only other reference found to date of 
the loss of chromogenesis by red or yellow species of 
bacteria and yeasts and its restoration when the cultures 
had access to air. Chromogenic strains (red) of yeasts in 
the Tetrault collection maintained this characteristic for 
13 vears under oil. 

Some difficulty has been experienced with agar 
slants not completely covered with oil acting as wicks. 
As a result, desiccation occurred. Another difficulty, 
that of a high incidence of contaminants on = sub- 
culturing, may not necessarily imply poor technique 
but, rather, improper precautions in preparing the 
receptacles and the oil prior to the storage period. It is 
recommended that the neutral, white, medicinal-type 
paraffin oil be sterilized at 121 C for 2 hr, followed by 
170 C in the oven for 1 to 2 hr. If dry-heat-sterilized 
stoppers are used in the flasks containing the oil and in 
the tubes that receive the medium, difficulty from 
contamination can be minimized. Success with the 
method will be still more assured when giant colonies 
are used, if a diameter is transected as the inoculum is 
obtained. 


DIscUSSION 

Evaluating a method for the maintenance of cultures 
would seem at first to be easily achieved—the culture 
was alive or it was dead. Yet very frequently in micro- 
biology we question the adequacy of the culture 
medium, the physical conditions for growth, the factors 
of time and temperature, the genetics of the culture, its 
behavior as a clone, and the multiplicity of events that 
precede any given viability determination. As expressed 
in 1953, the reasons for survival of cultures under 
paraffin oil are obscure; the situation is unchanged. 

Since Séhngen (1913) first described species of .Myco- 
bacterium and Pseudomonas capable of utilizing paraffin 
oil, ever-increasing numbers of cultures have been 
found to do so. Beerstecher (1954) states ‘‘The results 
of a great many investigators show that there are not 
likely to be hydrocarbons which are impervious to 
attack by some species or other of microorganisms.” 
The end products of hydrocarbon metabolism are 
largely carbon dioxide and water, indicating that the 
complete oxidation is the general rule. No appreciable 





accumulation of intermediate products occurs, although 
acids, unsaturated hydrocarbons, and other substances 
have been detected (Haas, 1942). Herein may be an 
explanation for the survival of some strains for only 
short periods of time, but utilization of the paraffin oil 
need not be a requisite for extended survival. 

Some strains may survive by reason of what NKorinek 
et al. (1951) call ‘tautophagy.”” In the nutrition of 
colonies of Sarcina lutea they observed living cells to 
dissolve dead cells and utilize them as food. They con- 
sidered this an important survival factor in this species, 
whereas in Nocardia salmonicolor it was relatively 
unimportant. 

Another concept, that of Sears (1946), attributes 
survival to a sequence of inhibitory and growth-pro- 
moting substances produced as the population ages. 
Cultures may form such highly deleterious substances 
in the early phases of growth that complete sterilization 
is brought about in a few days. If these inhibitory sub- 
stances were less in amount, and the products of 
autolysis became available to the surviving cells, 
longevity of the culture would be further assured. Even 
then the culture would be expected to die when such 
nutrients became depleted. 

Continued metabolism, though often at a slow rate, 
has been observed macroscopically in certain cultures 
under oil. Giant colonies in stab cultures of bacteria, 
which initially covered half the surface area, have been 
observed to extend to the periphery after a few months 
of storage. This could be expected; Rahn and Richard- 
son (1941) have shown that a paraffin oil seal is not air 
tight, so growth could continue. Molds have often been 
observed to do so. More direct evidence is needed to 
appraise how survival and maintenance of character- 
istics of the various microbic groups under paraffin oil 
occur. Particularly informative would be studies of the 
respiration of cultures in such a microclimate, of the 
retention of virulence, of the capacity to produce 
toxins, of the elaboration of certain enzymes, of the 
stability of resistance to chemotherapeutic agents, and 
of the ability to produce antibiotics. Morton and 
Pulaski (1937) observed that the subtle differences of a 
strain having undergone variation could be maintained 
effectively. Perlman (personal communication) had 
similar success with the steroid-oxidizing capacities of 
certain strains of Penicillium, Phycomyces and A spergil- 
lus. Others have found that there is no reason to suspect 
the method of contributing to microbic variation, except 
in a few instances. The method can be recommended, 
and now has its greatest application in small collections 
of cultures when pumps, special sealers, and compli- 
cated suspending menstrua are not available. 
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SUMMARY 


Data obtained by the author and by other investi- 
gators have been presented to illustrate the value of 
preservation of cultures under paraffin oil as a means of 
insuring longevity and maintenance of characteristies of 
cultures. Various strains of bacteria, yeasts, Basidomy- 
cetes, and other fungi have survived periods up to 14 
years, but in each group some strains showed loss of 
viability or loss or gain of characters. The obvious yet 
accurate conclusion from these studies is that both the 
longevity and the maintenance of cultural character- 
istics will depend upon the strain, the storage medium, 
the temperature, the subculturing medium, and the 
frequency and technique of transfer. 


ADDENDUM 


Since submitting this manuscript the report of E. 
Kathleen Goldie-Smith (Journal of the Elisha Mitchell 
Scientific Society, 72, 158-166, 1956) has been noted. 
Paraffin oil was among the methods used to maintain 
aquatic fungi, particularly members of the Saprolegnia- 
ceae on rich nutrient agar for as long as 5 years. 
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There are numerous reports in the literature which 
concern the microbiological spoilage of shell eggs. 
Serious losses result from spoilage of eggs in marketing 
channels. In addition, the suspected presence of Sal- 
monella and other pathogens has caused concern. It has 
been demonstrated repeatedly (Haines and Moran, 
1940; Gillespie ef al., 1950; Lorenz et al., 1952; McNally, 
1952; Forsythe et al., 1953) that spoilage bacteria and 
other microorganisms may gain entrance to the egg 
content as a result of washing. While the possibility 
exists that certain bacteria may be deposited within the 
shell before laying, unless the bird is diseased this 
source of spoilage is of less consequence than are en- 
vironmental factors after the egg has been laid. Many 
types of rots have been observed in intact-shell eggs. 
Various organisms have been incriminated as causal 
agents for colorless-, green-, pink-, black-, red-, and 
mixed-rots (Alford et al., 1950). Among the organisms 
ordinarily associated with these types of spoilage are 
Pseudomonas fluorescens, Proteus vulgaris, and Ser- 
ratia marcescens. 

One of the most commonly encountered species of 
pathogens associated with the shell egg is Salmonella 
pullorum. This organism not only has been identified as 
the causal agent for white diarrhea of chicks, but has 
been associated with ovarian infection of pullets and 
salmonellosis of poultry. 

The work reported in this paper was undertaken to 
determine if the organisms (a) most commonly associ- 
ated with spoilage of eggs or (b) responsible for disease 
of chickens would become established and proliferate in 
the albumen or yolk of eggs that were adequately 
refrigerated. Organisms used for inoculation were S. 
marcescens, P. vulgaris, P. fluorescens, and S. pullorum. 
The first three species were chosen because of their 
prominent role in egg spoilage, while the last was 
selected because of its significance as a pathogen of 
poultry. 

' Journal Paper No. J-3018 of the Iowa Agricultural Experi- 
ment Station, Ames, Iowa. Project No. 970. 


[IeXPERIMENTAL METHODS 


Large, clean, unwashed eggs (62 to 65 g) secured 
from the Iowa State College Poultry Farm within 24 
hr after laying were used in these experiments. Ordi- 
narily, they were used immediately. When it was neces- 
sary to hold the eggs for a few hr, they were kept at 
4.4 C until they could be tested. 

Iggs that were to be broken-out were washed manu- 
ally. Each egg was held lightly by means of sterile 
rubber gloves or through the use of sterile tongs. The 
tongs were prepared from 2-foot pieces of 1¢-inch 
galvanized wire bent sharply in the middle, with a ring 
at each end into which the egg could be partially in- 
serted. All washing and rinsing solutions were main- 
tained at 43 C to assure that the content of the egg 
would expand rather than contract. Individual eggs 
were soaked in 0.5 per cent Kleneg? for 2 to 3 minutes 
and brushed lightly to remove dirt particles. The eggs 
were then rinsed with sterile distilled water and placed 
in a 1:1000 Roceal* solution for 10 minutes. Excess 
sanitizing agent was washed from the shell with sterile 
distilled water, and the egg was dipped in a 95 per cent 
ethanol solution for 1 minute. After removal from the 
alcohol, the egg was drained and the residue ignited in 
order to leave a dry surface. The final flaming of the 
shell after the free alcohol had drained did not result 
in any noticeable coagulation of the egg albumen 
adjacent to the shell. Approximately 90 per cent of the 
shells sterilized by this procedure were found to be 
bacteriologically sterile. This method was considered 
more satisfactory than any of the procedures previously 
described in the literature (Rettger, 1913; Standard 


2 Kleneg—primarily a compound of tetrasodium pyrophos- 
phate, sodium carbonate, trisodium phosphate, polyethylene 
glycol esters of oleic acid, and trimethyloctadeceny! and tri- 
methyloetadecadienyl ammonium chlorides; manufactured by 
Armour and Company, Chicago, III. 

3 Roceal—primarily a mixture of high molecular weight 
alkyldimethylbenzyl ammonium chlorides; manufactured by 
Winthrop-Stearns, Inc., New York, N. Y. 
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Methods for the Examination of Dairy 
A.P.H.A., 1948; Gillespie and Scott, 1950). 

In earlier experiments, 70 per cent ethanol (by 
weight) was applied. Price (1939) indicated this concen- 
tration to be more germicidal than other amounts of 
alcohol, but the procedure was abandoned when it was 
found that such solutions left a moisture film on the 
shell after the alcohol had been ignited and that any 
alcohol method, when used without further treatment, 
failed to yield a sterile shell. 


Products, 


The egg content was removed by a procedure similar 
to that described by Wolk et al. (1950) in which a 
portion of the shell in the small end of the egg was 
removed with a sterile forceps and the broken edge of 
the shell flamed. The egg was then inverted over a 
sterile beaker and the contents forced out by applying 
a flame to the air-cell end of the egg. Using aseptic pre- 
cautions, prepared dilutions of bacterial inocula (as 
described below) were introduced into the albumen or 
the yolk of the egg, and the beakers were tightly covered 
by molding a sheet of sterile aluminum foil over the 
opening. Samples were stored at 2, 10, and 20 C and 
analyzed for bacterial flora after 0, 2, 4, 7, 14, 30, and 
60 days of storage. In early trials, the lowest storage 
temperature selected was 0C, but the 2- to 3-degree 
fluctuation in the storage cabinet resulted in alternately 
freezing and thawing part of the albumen. This diffi- 
culty was not experienced when a temperature of 2 C 
was adopted. 

For eggs inoculated in the shell, the following pro- 
cedure was used: The large end of the egg was suc- 
cessively swabbed with Kleneg, sterile water, Roccal 
solution, and sterile water. After this treatment the 
shell was protected by covering with a sterile towel 
and permitted to dry. In order to facilitate inoculation 
with a hypodermic needle, a hole was drilled through 
the sterilized portion of the shell using a sterile 46” 
bit. 

Organisms used for inoculation were S. marcescens 
(ISC 2G3), P. vulgaris (ATCC 9920), P. fluorescens 
(NRRL B10), and S. pullorum (WURB 3083). To 
assure that growth would be uniform, each of the species 
Was grown on nutrient agar slants at the optimum 
temperature for that organism and was transferred 
daily for 3 successive days before being employed in 
tests. Since the organisms grew at different rates, 
cultures of P. vulgaris and P. fluorescens were used for 
tests after an incubation period varying from 12 to 14 
hr, while S. marcescens and S. pullorum were used at 
ages of 14 to 18 hr. The cultures were washed from the 
slant with sterile Ringer solution. The number of cells 
of each organism to be inoculated in the egg was 
determined by direct microscopic count, using a Neu- 
bauer counting chamber, and tabulating the bacteria 
observed in 80 small squares of the slide. These suspen- 
sions were diluted to give three levels of inocula ap- 
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TABLE 1. Comparison of numbers of cells as determined by the 
direct microscopic and agar plate methods 


Number Estimated by 


woo Ie Age of cag 
Organism cultures (hr) Direct \ 

mi roscopic Agar 
method plate 

Pseudomonas fluorescens 12 100 73 
14 100 101 

Proteus vulgaris 13 100 103 
IS 100 78 

Serratia marcescens 12 100 3 
IS 100 70 
Salmonella pullorum 12 100 50 
14 100 S5 


proximating 100, 10,000 or 1,000,000 cells. In addition, 
the inoculum was plated out in nutrient agar fortified 
with 1 per cent glucose and 0.3 per cent yeast extract to 
determine the number of viable cells introduced into the 
egg. In table 1 are shown the comparative numbers of 
cells as determined by the direct microscopic method 
and the viable plate count. While duplicate results 
were not obtained by the two methods, the numbers 
determined by the direct microscopic count were con- 
sidered sufficiently precise to provide an approximate 
estimate of the inoculum. 

After addition of the inoculum, the small hole made 
by drilling was sealed with sterile tackiwax and then the 
egg was placed in storage. The eggs were analyzed at 
0, 2, 4, 7, 14, 30, and 60 days of storage by placing 
the broken-out eggs in a sterile 1 L Waring blendor jar 
with 200 ml of sterile distilled water and blending for 
1 min at a speed provided by setting a Varitran trans- 
former at very low speed (30 to 40 rpm). 

Aliquots of this egg-water mixture were plated in 
fortified nutrient agar and incubated for 3 or 4 days at 
the optimum temperature for the organism. The experi- 
ment was set up in triplicate in order to provide repli- 
cates for storage at 2, 10, and 20 C. Each experiment 
was repeated several times to insure that the results 
were typical. 

Kach egg was examined for visible change in color, 
fluorescence, or turbidity. Observation was made of 
both white and yolk to determine if the bacterial 
inoculum had remained localized or had infected all 
portions of the egg content. Also, a smell test was used 
to detect off-odor. 


RESULTS AND Discussion 
At 20 C, eggs inoculated in the yolk spoiled quickly. 
As may be seen in figure 1, populations of all four of 
the test organisms exceeded a billion bacteria per egg 
by the end of the fourth day. Contaminative loads 
reached levels of approximately 40 to 8C billion per 
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DAYS OF INCUBATION 
Fic. 1. Relation of storage temperature to number of cells 
of 4 species of bacteria when inoculated in the yolk of broken- 


out eggs. 


ege for P. fluorescens, S. pullorum, and P. vulgaris; 
for S. marcescens, 250 billion cells were estimated. 
Numbers of cells of S. pullorum did not increase during 
the first 2 weeks of storage at 10 C, but after 30 days 
at that temperature had multiplied over one hundred 
times. At 2 C, populations of P. vulgaris and S. pullorum 
decreased; no viable cells of either of these organisms 
were recovered for 1 and 2 weeks respectively. On 
the other hand, P. fluorescens grew well at 2 C, and at 
the end of 69 days the populations at 2, 10, and 20 C 
were estimated to be 38, 76, and 33 billion cells per 
egg respectively. Numbers of S. marcescens did not 
but even at the end of 60 days 4 per 
cent (22,000) of the original inoculum remained viable. 


increase at 2 C, 


Numbers of S. marcescens and P. vulgaris increased 
rapidly in the albumen of shell eggs and in broken-out 
egg albumen held at 20 C; P. fluorescens and S. pullorum 
populations also increased, but much more slowly 
(see figures 2, 3, and 4). Total counts for any of the 
four organisms at 2, 4, 7, 14, 30, or 60 days were much 
lower when the inocula were introduced in the albumen 
rather than in the yolk. Proliferation of P. fluorescens 
and S. pullorum in albumen was less than one thou- 
sandth that of cells inoculated in egg yolk. The differ- 
ence was least pronounced with S. marcescens; with this 
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DAYS OF INCUBATION 
F.G. 2. Relation of storage temperature to proliferation of 
Serratia marcescens inoculated in the albumen of shell and 
broken-out egg. 
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DAYS OF INCUBATION 
Fic. 3. Relation of storage temperature to proliferation of 
Proteus vulgaris and Pseudomonas fluorescens inoculated in the 
albumen of shell and broken-out egg. 
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DAYS OF INCUBATION 
Fic. 4. Relation of storage temperature to proliferation of 
Salmonella pullorum inoculated in the albumen of shell and 
broken-out egg. 


organism the egg was completely overgrown after 14 
days at 20 C regardless of where the inoculant was 
placed. 

At 10 C, S. marcescens completely overgrew albumen 
and yolk in the broken-out eggs in 30 days. However, 
organisms inoculated in the shell did not reach maxi- 
mum populations at this storage time if the inoculum 
was placed in the egg albumen rather than in the yolk. 
No growth of S. marcescens at 2 C was observed; in- 
stead, some indication was given that the numbers 
were decreasing at the end of 60 days. 

At 20 C, numbers of P. fluorescens were in excess of 
2 billion per egg by the end of 60 days of storage, but 
development was much slower and less extensive than 
it was when inoculated into yolk. With the exception 
of inocula into the albumen of shell eggs, proliferation 
of this organism was not diminished at 10 or 2 C when 
compared to results at 20 C. Also, while there was an 
initial reduction in the numbers of P. fluorescens, 
inoculated into the shell eggs, the remaining viable 
cells reproduced at a rate comparable to that at 10 C. 

P. vulgaris grew well at 20 or 10 C, but counts were 
lower in the albumen than in the yolk. Even by the 
end of 60 days, very little growth took place at 2 C. 

Eggs inoculated with S. pullorum in the yolk and 
held at 20 C spoiled during storage, but there was no 
growth in eggs stored at 10 C or 2 C. At 10 C, growth 
was less than 1,000,000 organisms per egg at the end 
of 30 days. When this organism was used as an inoculum 
and the eggs stored at 2 C, many had less than 50 
viable organisms at the end of 60 days’ storage. 

There is some controversy in the literature con- 
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cerning the speed with which a bacterial rot develops 
after infection of the albumen has been established. 
Stuart and McNally (1943) reported that, in some 
eggs, Pseudomonas aeruginosa penetrated immediately 
into both albumen and yolk. The incidence of infection 
of the egg contents reached a maximum atter 42 to 48 
hr at 23 to 28 C. Gillespie and Seott (1950) considered 
that, while bacteria slowly attack the shell membrane, 
once infection of the albumen had been established, 
subsequent development of a bacterial rot took place 
rather quickly. 

As may be seen in figures 3 and 4, when the albumen 
of the egg is inoculated, P. vulgaris and P. fluorescens 
require 4+ to 7 days at 20 C before numbers of these 
organisms have reached a level that could be detected. 
With the exception of one lot of eggs, contamination 
by S. pullorum was undetectable by sensory evaluation, 
even after storage for one month. 

It may be observed in figure 4 that one lot of eggs 
(a) underwent spoilage when stored at 10 C, while the 
other experiments at 10 C with albumen from broken- 
out eggs (b) failed to undergo spoilage within 60 days, 
It may be seen in figure | and figure 4 that the storage 
temperature of 10 C was a rather critical one insofar as 
S. pullorum is concerned. In one set of experiments (a), 
cells of this organism, after remaining in the initial 
lag phase for 4 days, reproduced to high numbers. 
Yolk as well as albumen of many of these eggs were 
heavily contaminated. In the other tests at 10 C, less 
than 30 cells of S. pullorum were recovered from the egg. 

Several explanations may be offered for the more 
luxuriant growth of bacteria in egg volk as contrasted 
to that in egg albumen. Egg albumen contains a number 
of factors, such as lysozyme, avidin, conalbumin, 
ovomucoid, ovomucin, and carbon dioxide, which have 
been shown to inhibit or delay the growth of certain 
microorganisms. Egg yolk contains most amino acids, 
vitamins, and other nutrients needed for growth of 
most microorganisms. Hurley and Ayres (1953) found 
that, when 10 per cent albumen was added to “'4-” 
strength Ringer solution, populations of Escherichia 
coli, Proteus morganii, or Alcaligenes faecalis decreased 
from that of the original inoculum; in the same type of 
substrate, S. pullorum and P. aeruginosa increased in 
number. On the other hand, when these same organisms 
were placed in !4-strength Ringer solution to which 
10 per cent whole egg was added, there was prolific 
growth of all five organisms. While S. pullorum and 
P. aeruginosa had multiplied to levels of 2 to 4 million 
cells per ml in the presence of 10 per cent albumen, 
from 30 to 200 million cells per ml grew in 18 hr at 
37 C when 10 per cent whole egg was added to the 
14-strength Ringer solution. 

Visual examination of the eggs failed to reveal evi- 
dence of incipient spoilage until the bacterial loads 
exceeded several hundred million cells per egg. With an 
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inoculum of only 250 viable cells of P. fluorescens into 
the yolk, fluorescence could be detected by black 
light‘ on the fourth day of storage at 20 C. The same 
phenomenon was observed at 7 and at 14 days when 
the holding temperatures for the egg was 10 and 2 C 
respectively. In a few instances, a light green to pink 
discoloration was observed at the same time without 
special lighting. Fluorescence became more pronounced 
after longer storage intervals. P. fluorescens is the 
principal cause of spoilage of cold-storage and of washed 
eggs, and its detection by the ultraviolet candler is of 
no small importance. However, as is shown in figures 
| and 3, if this species entered the egg proper, it would 
only be a matter of time until the entire egg becomes 
spoiled regardless of the refrigerated storage tempera- 
ture used. 

An offensive odor and a muddy grey-brown dis- 
coloration was discernible in 2 days in yolks inoculated 
with 4200 viable cells of P. vulgaris and held at 20 C; 
7 days elapsed before similar changes were noted in 
eggs held at 10 C. Red-colored streaks appeared in 2 
and 4 days in yolks inoculated with 560,000 viable 
S. marcescens cells and stored at 20 and 10 C respec- 
tively. Only a slight off-odor was noted after 7 days of 
incubation at 20 C in yolk of eggs inoculated with 790 
viable cells of SS. pullorum. No discoloration or off-odor 
could be detected in 60 days in yolks of eggs incubated 
with P. vulgaris or S. marcescens and stored at 2 C; 
also, no visual evidence of spoilage was observed in 
yolks inoculated with S. pullorum when the egg product 
was held at 10 or at 2 C. 

Discoloration was not observed at any of the three 
storage temperatures in egg albumen until the egg had 
been stored for at least 2 weeks. Ordinarily, from 30 
to 60 days of storage were required before the albumen 
began to fluoresce. This was in marked contrast to the 
early development of fluorescence in the broken-out 
yolk. This defect was observed to occur as quickly in 
eggs stored at 2 C or 10 C as at 20 C. However, it 
developed in shorter time in the albumen of broken-out 
eggs than in intact eggs. 

SUMMARY 

Attempts were made to determine if the spoilage bac- 
teria, Pseudomonas fluorescens, Proteus vulgaris, and 
Serratia marcescens, and the poultry pathogen, Salmon- 
ella pullorum, reproduced in the yolk or albumen of 
broken-out eggs or in shell eggs incubated at 2, 10 or 
20 C. The study revealed that only P. fluorescens grew 
at 2 C. Numbers of S. 
same at 2 C for 14 to 30 days when stored in yolk, 


marcescens remained about the 


“A Vogelite candling lamp (high pressure mercury vapor 
type) manufactured by Alf MeNamee and Sons, Oakland, 
California was used. 


but gradually decreased in albumen; loads of S. pul- 
lorum and P. vulgaris rapidly decreased in both pro- 
ducts. All four organisms reproduced when stored in 
yolk at 10 or 20 C, but proliferation of S. pullorum 
cells was delayed for 14 days. When cells of S. pullorum 
were injected into albumen of broken-out eggs and 
stored at 10 C, the numbers of organisms decreased 
with one exception; in one set of experiments growth 
occurred. 

With the exception of S. marcescens, the organisms 
did not become established quickly in egg albumen. 
Apparently, a number of factors inhibitory to growth 
prevent extensive growth in albumen, and may even 
destroy some of the invading bacteria so that the 
infection remains localized for 2 weeks or longer. When 
the cells reach the yolk, they reproduce rapidly. 
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Cured meats, as a result of the selective bacterio- 
static activity of the curing salts, have a bacterial 
flora that is quite different from that of fresh meats. 
The major selective action is due to the sodium chloride. 
However, one of the major groups of microorganisms 
that are not inhibited by any palatable salt concentra- 
tion is the staphylococci, including the food-poisoning 
variety. 

Castellani and Niven (1955) found that the anaerobic 
growth of food-poisoning staphylococci in bacterio- 
logic broth media could be inhibited by very low 
levels of sodium nitrite when glucose was autoclaved 
in the medium. This raised the interesting possibility 
that a suitable combination of curing methods and 
vacuum-packaging might result a product that 
would not support growth of food-poisoning staphylo- 
cocci, 

It is also known (Tarr, 1941; Castellani and Niven, 
1955) that the pH of the environment has a pronounced 
effect on the bacteriostatic action of sodium nitrite. 
Various phosphate and acid 
recently have been added to the curing ingredients 
permitted under federal inspection, and these may 
result in shifting the pH of the finished product, thus 
influencing bacterial growth for better or worse. 


in 


compounds ascorbic 


Numerous other investigators have also investigated 
the effect of acids and environmental conditions on the 
survival and growth of food-poisoning staphylococci 
(Levine and Fellers, 1940; Nunheimer and Fabian, 
1940; Castellani et al., 1953; and Weiser et al., 1954). 
However, none of this information is directly applicable 
to conditions encountered in the curing and processing 
of hams. 

MATERIALS AND METHODS 
Four typical coagulase-positive, enterotoxin-pro- 
ducing strains of staphylococci were used throughout 

1 Journal paper No. 134, American Meat Institute Founda- 
tion. This paper reports research undertaken in cooperation 
with the Quartermaster Food and Container Institute for the 
Armed Forces, and has been assigned number 656 in the series 
of papers approved for publication. The views or conclusions 
contained in this report are those of the authors. They are not 
to be construed as necessarily reflecting the views or indorse- 
ment of the Department of Defense. 

2 Present address: Department of Food Technology, Uni 
versity of Illinois, Urbana, Illinois. 
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this work. Strains 161, 196, and 210 were isolated from 
food-poisoning cases involving beef tongue, ham, and 
potato salad, respectively. Strain S-6 was isolated from 
wholesome frozen shrimp. 

Studies on factors affecting the nitrite tolerance of 
food-poisoning staphylococci were carried out using 
variations of the following medium: tryptone, 1.0 per 
cent; yeast extract, 0.5 per cent; salt (NaCl), 5.0 per 
cent; sugar (glucose or sucrose), 1.5 per cent; phosphate 
(IXH2PO 4), 0.5 per cent; nitrate (NaNOs;), 0.25 per 
cent; and of nitrite (NaNQO,), varying amounts; pH 6.0, 
The concentration of the curing ingredients, and the 
pH, is that which might be found in the moisture phase 
of a commercially cured ham (Fields and Dunker, 1952). 

The general procedure was to make up double 
strength basal medium and dispense in 5-ml amounts 
into 18-mm test tubes for the anaerobic experiments, 
the 
experiments. These were then sterilized for 15 min 
at 250 F. 

From a stock solution of 10 per cent NaNOs» that 
was previously sterilized by Seitz filtration 


and into 50-ml Erlenmeyer flasks for aerobic 


suitable 
dilutions were prepared aseptically in sterile distilled 
water and added to the tubes and flasks. Sterile distilled 
water was added aseptically to bring the final volume 
to 10 ml. One series of tubes and flasks was used to 
determine the pH of the media at the time of inoculation. 
Inoculation was with one drop of a 1:100 dilution of a 
24-hr culture in broth 
(Difco). The for incubation were 
mixed gently and sealed with melted vaspar. Incubation 
was at 86 F. 

For studies using ground pork muscle, pork loin 
was purchased in a local retail market, the fat trimmed 
off, and the lean meat ground through a sterile grinder 
into a sterile pan. Curing salts were added, mixed in 
with sterile spatulas, and the meat passed through the 
grinder again. The meat then was inoculated with an 
appropriate dilution of a 24-hr culture, mixed, and 
put through the grinder again. The meat was weighed 
out in 100-g lots in sterile 250-ml beakers, nitrite or 
other variables mixed in, tamped down, and covered 
with sterile vaspar. Incubation was at 86 F. The curing 
ingredients were added in the following amounts: 
NaCl, 5.0 per cent; glucose, 1.5 per cent; NaNOs 


grown tryptose-phosphate 


tubes anaerobic 
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(where indicated), 0.25 per cent; and NaNOs, varying 
levels. 

Samples were plated quantitatively on APT agar 
(Evans and Niven, 1951), and phenol red mannitol 
agar (Difco) with an additional 7.0 per cent NaCl. 
The pH of the meat was measured by mixing a 10-g 
sample with 10 ml of distilled water and using a Beck- 
man Model H pH meter. 

The amount of nitrite in the meat samples was 
determined by a slight modification of the method 
described in the official methods of the Association of 
Official Agricultural Chemists (A.O.A.C., 1950). 
Twenty-five-g samples were extracted on the steam 
bath at 176 F for 30 min, and the color developed with 
the Griess reagent was determined with a Coleman 
Junior spectrophotometer at a wave length of 522 mu. 

For the majority of the experiments involving ham 
curing, a commercial-type curing pickle was made up 
in 60 salometer brine, using distilled water and CP salt. 
To each liter of brine was added sucrose, 35.8 g; NaNOs, 
18 g; and NaNOsz, 
grown in APT broth and diluted to the desired con- 
centration in curing pickle. When hams were pumped 
with inoculated curing pickle, they were handled inside 


2 g. The bacterial inoculum was 


a large polyethylene bag to prevent formation of an 
aerosol containing pathogenic staphylococci. The hams 
were pumped to a 10 per cent increase in weight and 
then placed in uninoculated cover pickle of the same 
composition. After two weeks in cover pickle, the hams 
were heated in a commercial-type smokehouse, but 
no smoke was generated. 


RESULTS AND Discussion 

The effect of heating glucose in a tryptone-yeast 
extract broth upon the nitrite tolerance of food-poison- 
ing staphylococci is illustrated by table 1. At a pH of 
approximately 6.0, aerobic growth occurred in the 
presence of 500 ppm of nitrite; whereas, anaerobically, 
growth was inhibited by as little as 2 ppm of nitrite. 
Omission of the other curing salts did not. affect appre- 
ciably the inhibitory level of nitrite. 

When glucose was sterilized separately and added 


TasLe 1. Nitrile tolerance of food-poisoning staphylococci in 


a medium containing glucose and curing salts* 


Aerobic Growth Anaerobic Growth 


Strain No Nitrite (ppm) 


0 50 200 500 0 ? 


161 = +++ +++) ++ + + ~ 
6 =|) +4++ 444+) ++ + + + 
8-6 +++) +++) ++ + + ~ 
210 «+++ 44+ +4 +b + - 


* Growth recorded after 48 hr at 86 F. Glucose autoclaved 
in the medium. pH 6.0 at time of inoculation. Growth was 
estimated visually: +++ = 
growth. 


maximum growth, — = no 
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TABLE 2. Nitrite and nitrate tolerance of a Staphylococcus (strain 
210) in ground pork muscle* 


ited Maded scareaa — “* | Total Count 

ppm ppm ppm XK 10°/g XK 105/¢ 

0 0 l 135 87 
100 0 18 1210 2500 
200 0 27 10 7 
500 0 54 10 12 

0 2500 34 8 32 
100 2500 34 16 7 
200 2500 33 12 16 
500 2500 55 0.4 0.5 


* The meat also contained 5.0 per cent NaCl and 1.5 per cent 
glucose. The pH was 5.6, the inoculum was 0.13 X 10° staphy- 
lococei per g, and incubation was anaerobic at 86 F for 4 days. 


TABLE 3. Nitrite stability in ground pork muscle* 


Nitrite Recovered After 
Nitrite Added 


1 Hr 18 Hr 42 Hr 66 Hr 

ppm ppm ppm ppm bpm 
0 0 0 0 0 
100 86 47 25 17 
200 149 88 52 45 
500 341 225 138 102 


* To the meat was added 5.0 per cent NaCl, 1.5 per cent 
glucose, 5 ppm Aureomycin (Lederle), 10 ppm Rimocidin 
(Pfizer), and the indicated amount of nitrite. Samples were 
incubated at 86 F under vaspar seals. Total bacterial counts at 
1 hr and 66 hr showed fewer than 10 viable microorganisms 
per g. 


aseptically to the medium, or when sucrose was used 
rather than glucose, anaerobic tolerance to nitrite was 
greatly increased, aerobic tolerance was slightly in- 
creased, and considerably increased anaerobic growth 
occurred in the control media (without nitrite). An- 
aerobic nitrite tolerance was in the range of 100-200 
ppm. 

When sterile glucose was added aseptically to the 
sterile medium and heated at 212 F for 1 hr or at 175 
F for 3 hr, anaerobic growth also occurred in the pres- 
ence of 100-200 ppm of nitrite. In ground pork muscle, 
the growth of food-poisoning staphylococci was only 
partially inhibited by as much as 500 ppm of added 
nitrite. As shown in table 2, the presence of 2500 ppm 
of nitrate had a slightly inhibitory effect on the staphy- 
locoeci, and the combination of 2500 ppm of nitrate 
and 500 ppm of nitrite prevented any appreciable multi- 
plication of the inoculum. The additon of either 5000 
ppm of sodium hexametaphosphate or 400 ppm _ of 
ascorbic acid had little or no effect on anaerobic nitrite 
toxicity. Furthermore, the omission of all sugar from 
the curing formula did not affect the anaerobic nitrite 
tolerance of these staphylococci in ground pork muscle. 

Since the nitrite level in the meat decreased greatly 
within 48 hr, even when bacterial growth was sub- 
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TaB_ed. Effect of pH and nitrate on aerobic and anaerobic growth 
of a food-poisoning Staphylococcus in broth 


: ‘ = See 
Growth Without Nitrate* Growth With aig ppm of 


pHt Nitrate 
Aerobic Anaerobic Aerobic Anaerobic 
6.9 130 97 104 9S 
5.6 79 5 64 6 
5.4 5S 0 51 0 
5.2 40 0 36 0 
5.0 10 0 20 0 
4.8 0 0 0 0 


* Growth was measured turbidimetrically and is recorded 
as Optical Density X 100 after 72 hr at 86 F. Two strains (161 
and 210) were tested and gave virtually identical results. 

+ The pH was measured before inoculation and after incuba- 
tion. In no case did the pH change more than 0.1 during incuba- 
tion. 


stantially inhibited, an experiment was set up with no 
bacteria added and the indigenous flora controlled by 
antibiotics. The results given in table 3 show that 
meat constituents rather rapidly destroyed nitrite in 
the absence of any bacterial growth. This is in agree- 
ment with the results of Rose and Peterson (1953). 

Lowering the pH of ground pork muscle, or of ground 
commercial ham, to 4.8 to 5.0 with lactic acid com- 
pletely prevented anaerobic multiplication of the 
staphylococci for at least one week at 86 F, even in the 
absence of nitrite. 

These results prompted a careful study of the pH 
limits of growth of food-poisoning staphylococci in a 
broth medium. The test medium contained sucrose as 
the sugar and did not contain any nitrite. Nitrate 
was added to one series and omitted from the other. 
As shown in table 4, anaerobic growth was virtually 
prevented at pH 5.6. Aerobic growth was diminished 
at pH 5.6 and prevented at 4.8. The presence of nitrate 
had no effect on the pH tolerance, either aerobically 
or anaerobically, even though these organisms are 
capable of reducing nitrate to nitrite. As noted in 
table 2, food-poisoning staphylococci are able to grow 
anaerobically in ground pork muscle at pH 5.6. 

When moderate numbers of staphylococci were 
sprayed on the surface of commercially cured, ready-to- 
eat hams and the hams incubated at room temperature, 
surface growth was extensive, but the microorganisms 
failed to penetrate into the interior of the hams until 
after gross spoilage had taken place. 

When moderate numbers of staphylococci were 
inoculated into chilled curing pickle solutions and held 
at 40 F, at least 50 per cent of the inoculum died off 
during the first 24 hr, and the pickle was usually free of 
these organisms within 72 hr. The results of one such 
experiment are given in table 5. As also shown in this 
table, the addition of an aqueous extract of raw pork 
to the pickle greatly extended the survival time of the 
inoculated bacteria. Other experiments showed that 
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omission of nitrite and nitrate from the pickle did not 
change these results. 

Moderate numbers of food-poisoning staphylococe 
were added to curing pickle, which was then pumped 
into hams through the vascular system. The hams 
were cured for 2 weeks under uninoculated cover 
pickle at 40 F. Viable staphylococci were found in the 
interior of the cured hams, on the surface, and in the 
cover pickle. Quantitative estimations indicated that 
most, if not all, of the organisms injected into the 
hams with the pump pickle remained viable. 

Two such hams were heated in a smokehouse to an 
internal temperature of 137 F, using the following 
smokehouse temperatures: 110 F for 214 hr, 120 F for 
2 hr, 130 F for 114 hr, 140 F for 2 hr, and 150 F until 
the hams reached an internal temperature of 137 F 
(5!4 hr). These were allowed to cool in the smokehouse 
for about 9 hr. One of the hams was sampled, and no 
viable staphylococci were found on the surface or in 
the interior. The second ham was held at 78 to 81 F 


Tasie 5. Effect of meat juices on survival of a Staphylococcus 
(strain 210) in curing pickle 


—_ . Curing Pickle Plus 
‘ Curing Pickle 5 : 
Incubation Meat Juices* 


i : Suspended in 
Time at 40 F 


Distilled Water 


Aerobic Anaerobic Aerobic | Anaerobic 

1 hr 19,5007 16,500 17,000 17,700 18,000 

thr 16,500 12,000) 19,300 16,200 16,900 

S hr 16,500 9,300 19,100 16,600 16,000 

24 hr t 7,000) 9,000 18,000) 16,500 
$8 hr 3,200 5,600 13,100 16,400 
72 hr 0 Q 11,500 13,000 
7 days 0 0 3,300 6,900 


* Contained 5 per cent of an aqueous extract of raw pork. 

+ Staphylococci per ml. The inoculum was approximately 
20,000 staphylococci per ml. 

t This flask was broken after the 8-hr incubation. However, 
in another similar experiment the count was 246 after 24 hr and 
0 after 48 hr. 


TaBLeE 6. Survival of a Staphylococcus (strain 210) in and on 


hams during curing, heating, and subsequent storage* 


Internal 


iniciaies Tempera- olf Staphylococcus Count 
Sampled Interior Surface 
Hr at F F 
Before heating 10 6.6 |46 X 10? | 39 x 10? 
12 at 120 108 6.4 30 X 108 13 xX 10! 
16 at 120 112 6.5 50 & 10° 35 X 105 
24 at 120 116 6.4 50 & 10? (261 x 105 
48 at 120 11S 6.5 14 & 102+ 135 & 10° 
48 at 120 plus 72 at 86 S6 6.3 907 95 X& 107 


* These hams were inoculated with approximately 50 X 108 
staphylococci per g, held in cover pickle for 2 weeks at 40 
F, placed in a smokehouse for 48 hr at 120 F, and held for 
72 hr at 86 F. Each sample represents a different ham. 


+ Most of the colonies on these plates appeared to be 
sporeformers. 
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for 3 days before sampling, and there were still no 
viable staphylococci on or in this ham. Thus, it seems 
certain that this processing schedule killed all of the 
staphylococci that survived the cure. 

When such hams were heated at a smokehouse 
temperature of 120 F, the staphylococci in the interior 
were slowly killed, as shown in table 6. In the experi- 
ment recorded in this table, the staphylococci on the 
surface multiplied extensively. In another experiment, 
under supposedly identical conditions, the surface count 
was greatly reduced during the 2 days of heating, and 
even after subsequent incubation for 4 days at 86 F 
the surface had only 8500 staphylococci per g and the 
interior only 160 staphylococci per g. It would appear 
that a smokehouse temperature of 120 F is so near the 
upper temperature limit of growth of these organisms 
that small variations in temperature and _ relative 
humidity may mean the difference between multiplica- 
tion or destruction of the surface flora. The most. in- 
teresting point is the consistent destruction of the 
staphylococci in the interior of these hams. Even 
though the interior of the hams was in the temperature 
range of 50-115 F for a period of 744 hr, there was no 
evidence of any staphylococcal multiplication inside 
the hams during this period. 


SUMMARY 


Food-poisoning staphylococci were able to grow 
vigorously in ground pork muscle containing any 
combination of curing ingredients that is permissible 
and palatable. However, if the pH of the meat was 
lowered, to 4.8 to 5.0, anaerobic growth of the staphy- 
lococci was prevented even in the absence of nitrite. 

In a broth medium, anaerobic growth of staphylo- 
cocci was inhibited at pH 5.6, although growth occurred 
in meat at this pH. Aerobie growth in broth was di- 
minished at pH 5.6 and prevented at pH 4.8. 

Staphylococci died rather rapidly in curing pickle, 
but were protected by added meat juices. Most, if 


not all, staphylococci injected into hams with the 
pump pickle survived a normal curing operation until 
the smoking operation. Heating in a smokehouse to 
an internal temperature of 137 F killed all surviving 
staphylococci. Heating in a smokehouse at 120 F for 
48 hr slowly killed the staphylococci in the interior 
of the ham, but they occasionally multiplied on the 
surface. There was no evidence of any staphylococcal 
multiplication in the interior of the hams at any time 
during this heating period. 
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